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Symposium on Nuclear Chemistry and Radiochemistry 


FOREWORD 


The papers that follow were presented at a symposium held at McGill University, Montreal, 
Que., on September 7, 8, and 9, 1955, under the auspices of the Physical Chemistry Subject 
Division of the Chemical Institute of Canada. A few of the papers presented which were in 
the nature of general reviews are not being published here. Several others are not being 
published here because of prior commitments. 

On behalf of the conveners of the symposium I should like to acknowledge the generous 
co-operation of McGill University, of the National Research Council, and of the Editor-in- 


Chief of the Canadian Journal of Chemistry. 
L. YAFFE, 


CHEMISTRY DEPARTMENT, 
McGILL UNIVERSITY. 


CHEMICAL EFFECTS OF THE C"(y,n )C" REACTION IN 
CARBONATES'! 


By W. J. Epwarps? AND K. J. McCALLum 


ABSTRACT 


The chemical effects following the carbon photoneutron reaction in calcium 
carbonate and sodium bicarbonate have been studied. After solution of the 
irradiated crystals, C' was found to be present in the forms of carbonate, 
carbon monoxide, formic acid, oxalic acid, glyoxylic acid, and glycollic acid. 
The relative amounts of C"™ appearing in each form agreed closely with those 
found previously for irradiations of solid sodium carbonate. 


The chemical effects following the photoneutron reaction in the carbon 
isotope of mass 12 have been previously investigated for a few substances 
(1, 2). In this process, high-energy gamma rays eject a neutron from the 
nucleus of a carbon atom contained in a compound. The radioactive C" 
nucleus which results possesses a high kinetic energy arising from both the 
momentum of the gamma ray photon and the recoil due to the emitted 
neutron. The C" nucleus will be ejected from its parent molecule, and after 
being slowed down by collisions with neighboring particles, may undergo a 

1Manuscript received November 14, 1956. 

Contribution from the Department of Chemistry, University of Saskatchewan, Saskatoon, 
Sask. This work was supported by a grant from the National Research Council of Canada. This 
paper was presented at the Symposium on Nuclear Chemistry and Radiochemistry held at McGill 


University, Montreal, Que., September 7-9, 1956. 
*Holder of C.I.L. Fellowship, 19538-1954. 
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reaction to produce a stable molecule or radical which could react with the 
solvent when the substance is subsequently put into solution. An investigation 
of the chemical forms in which the C"™ appears in the solution gives some 
information concerning these processes. 

Rowland and Libby (1) studied the relative amounts of C! appearing in 
the form of carbon dioxide and carbon monoxide following the irradiation of 
solid and liquid carbon dioxide, solid sodium bicarbonate, and solutions of 
sodium bicarbonate and sodium carbonate. Gamma rays from a betatron 
operating at a peak energy of 48 Mev. were used. It was reported that the 
irradiation of samples in the solid state yielded about equal amounts of C" 
activity in the form of each oxide, while for samples in the liquid state, 95- 
100% of the activity appeared as carbon monoxide. 

Sharman and McCallum (2) determined the compounds containing C"! 
which were present in solutions formed from water and crystals of sodium 
carbonate which had been irradiated with gamma rays from a betatron 
operating at a peak energy of 23 Mev. The percentages of the total C" activity 
appearing in carbon dioxide and carbon monoxide were 22% and 1% respec- 
tively, the remainder of the C" being present as formic acid, oxalic acid, 
glyoxylic acid, and glycollic acid. The relative amounts of carbon dioxide 
and carbon monoxide did not agree with the suggestion of Rowland and 
Libby (1) that approximately equal amounts should be present in each 
oxide following the irradiation of solid samples. 

This paper reports the results of a study of the chemical forms containing 
C" following the irradiation of solid sodium bicarbonate and calcium carbonate 
with betatron gamma rays of 23 Mev. peak energy. 


EXPERIMENTAL AND RESULTS 


The sodium bicarbonate was Baker and Adamson reagent and was dried at 
110°C. for at least 10 hr. before use. Two samples of calcium carbonate were 
used. The first was Merck reagent and the other consisted of calcite crystals 
obtained from Central Scientific Company. 

The samples were exposed to radiation from a betatron operating at a 
peak energy of 23 Mev. for a period of 10 min. The intensity at the position of 
irradiation varied from 1000 to 2000 roentgens per minute in different 
experiments. 

Decay measurements on the irradiated samples indicated the formation of 
O" (half-life 2.5 min.), C" (half-life 20.5 min.), and a small amount of a long 
lived activity. When sodium bicarbonate was irradiated, the long lived 
activity was due to Na*™ (half-life 14.8 hr.). The long lived activity produced 
during the irradiation of calcium carbonate had a half-life of several hours, 
and amounted to about 2% of the total activity 40 min. after the end of the 
irradiation. The emitter was not identified. The total C" activity produced in 
each irradiation was determined by counting weighed samples with a mica 
window end-on counter under standard geometry. Measurements were made 
40 min. after the end of the irradiation to permit decay of the short lived O% 
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activity. Corrections were made for the small amount of long lived activity 
also present. An empirical calibration curve was used to correct for different 
weights of material counted. 

The chemical procedures used to isolate the compounds containing C" 
activity were similar to those used by Sharman and McCallum (2) in the 
study of sodium carbonate, since it was found that the same compounds were 
produced. 

Two procedures were used to mix the carbon monoxide carrier gas with the 
radioactive carbon monoxide in the solution. The first method was that used 
previously (2) in which the carbon monoxide carrier was mixed with air or 
oxygen, and bubbled through the solution while acid was being added to 
liberate carbon dioxide from the sample. In the second method, used in addition 
to the first for sodium bicarbonate, the irradiated sample was placed in an 
evacuated flask, and the carbon monoxide carrier gas was admitted. Enough 
water was then introduced to dissolve the sample, and the solution was 
stirred vigorously with a magnetic stirrer for 10 min. to permit equilibrium of 
the carbon monoxide liberated in the solution with the carrier in the gas 
phase. Acid was then added dropwise to liberate carbon dioxide, while oxygen 
was passed through the flask to sweep the gases into the gas separation train. 
In this train, carbon monoxide and carbon dioxide were separated and isolated 
as previously described (2). 

The procedures used to isolate and measure the radioactivity following 
formic acid, oxalic acid, glyoxylic acid, and glycollic acid carriers were also 
those previously used (2). In the experiments on calcium carbonate, the 
presence of the high concentration of calcium ions in the solution interfered 
with the isolation of some of these compounds. The calcium ions were removed 
either by passing the neutralized solutions through a Dowex 50 ion-exchange 
resin, or by precipitation as calcium carbonate. 

The percentages of the C" activity following the various carriers are shown 
in Table I. For comparison the results for sodium carbonate (2) are included 
in the table. 

DISCUSSION 


Table I shows that the distribution of the C" between the different chemical 
forms is very closely the same for irradiations of sodium carbonate, sodium 
bicarbonate, and calcium carbonate. Apparently the nature and relative 


TABLE I 
PERCENTAGE DISTRIBUTION OF C! ACTIVITY 











Compound Na2COs (2) CaCO; NaHCO; 
Carbon dioxide 22+1 21+1 22+1 
Carbon monoxide 1+1 1+1 1+1 
Formic acid 3+1 2+1 4+1 
Oxalic acid 39+1 36+1 40+1 
Glyoxylic acid 24+1 29+1 24+1 


Glycollic acid 10+2 1243 10+1 
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proportions of the radicals formed by the C" in these crystalline carbonates are 
quite independent of the nature of the cation present and of the crystal 
structure. 

The percentages of carbon dioxide and carbon monoxide containing C"™ 
produced in the irradiation of sodium bicarbonate were 22% and 1% respec- 
tively. This does not agree with the result reported for the same compound by 
Rowland and Libby (1), who stated that approximately equal amounts of 
these two oxides were produced. In a private communication Rowland states 
that in their work the gases were liberated from the irradiated solid by boiling 
with a solution of sulphuric acid..He suggests that if the organic acids found 
in the work reported here were present in the solution, this treatment could 
have caused considerable decomposition of these acids, with the production 
of radioactive carbon monoxide and carbon dioxide. This, of course, could 
result in a change in the observed ratio of the two oxides, and might account 
for the disagreement. 


REFERENCES 


1. ROWLAND, F. S. and Lipsy, W.F. J. Chem. Phys. 21: 1493. 1953. 
2. SHARMAN, L. J.and McCatuiuM, K. J. J. Am. Chem. Soc. 77: 2989. 1955. 





THE RELATIVE YIELDS OF THE ISOTOPES OF XENON IN 
PLUTONIUM FISSION! 


By W. H. FLEMING AND H. G. THODE 


ABSTRACT 


The relative fission yields of five isotopes of xenon in Pu” fission have been 
determined. Fine structure, similar to that observed in U** fission but smaller, 
occurs in plutonium fission in the xenon mass range. The yield of the 133 mass 
chain has been determined at xenon in order to permit the normalization of the 
relative xenon yields to the relative cesium yields. 


INTRODUCTION 


The first application of mass spectrometry to fission yield studies (14) 
showed that the mass yield curve for thermal neutron fission of U*** was not 
smooth. In particular, the yield of the 134 mass chain measured at Xe" was 
found to be abnormally high compared to adjacent masses. More recent 
studies (5, 8, 11, 12, 18) employing both mass spectrometry and improved 
radiochemical methods have provided accurate fission yield data for the whole 
mass yield curve in U5 fission. Large deviations from a smooth curve (fine 
structure) are observed only in the neighborhood of the 82 neutron shell and 
in the region of the complementary fragments to 82 neutron shell fission 
products. Much smaller fine structure has been observed in the vicinity of 
the 50 neutron shell (15). Fine structure has also been observed in the spon- 
taneous fission of U*** (2, 9, 16) and in the neutron fission of U™* (3, 13) and 
U8 (15). 

The occurrence of fission yields differing widely from a smooth curve may 
be the result of a preference for a particular mass chain in the original fission 
process or may result from chain branching which occurs after the actual 
fission act. Chain branching after fission occurs by delayed neutron emission 
and by neutron capture processes. Corrections can be made for neutron 
capture processes, but, since most of the delayed neutron emitters have not 
been identified, correction for delayed neutron emission is difficult. It has also 
been suggested that additional chain branching may occur by the emission of 
an extra prompt neutron by fission fragments having i, 3, 5, or 7 neutrons in 
excess of a closed shell after normal prompt neutron emission (4, 10). 

Isotopes of xenon are the stable end products of many of the decay chains 
having 82 neutron members. The relative fission yields of the xenon isotopes 
can therefore provide considerable information about the fine structure in the 
mass yield curve. In addition to the stable isotopes of xenon occurring in 
fission, Xe'* and Xe'™ have sufficiently long half-lives to be suitable for 
mass spectrometric yield studies. The determination of the relative yield of 
the 133 mass chain at xenon makes possible the normalization of the relative 
yields of the isotopes of xenon to those for the cesium isotopes since Xe" 
and Xe!*™ subsequently decay to Cs!*. 


1 Manuscript received November 16, 1955. _ 
Contribution from the Departments of Physics and Chemistry, Hamilton College, Mciéuster 
University, Hamilton, Ontario. 
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Several mechanisms have been suggested to explain the fine structure 
observed in the thermal neutron fission of U* (4, 10, 18). The present investi- 
gation of the relative yields of xenon isotopes in Pu”? fission was undertaken to 
provide data required for the elaboration and testing of these mechanisms. 
In addition it was felt that a reinvestigation of the mass yield curve for Pu?*® 
fission would be profitable at this time because the only available data is that 
obtained during the early work in the American Atomic Energy Project (1) 
and experimental techniques have since been greatly improved. 


EXPERIMENTAL 


Samples of plutonium in the form of plutonium—aluminum alloy containing 
approximately 10% plutonium were supplied by O. J. C. Runnalls of Atomic 
Energy of Canada Limited. Plutonium isotope abundance ratios for a sample 
of this alloy are given in Table I. Four samples containing 10 to 20 mgm. of 


TABLE I 


PLUTONIUM ISOTOPE ABUNDANCE SAMPLE 2 
(AFTER IRRADIATION) 











7 Isotope Atom % 
Pu™® 96.1 
Pu*° 3.72 
Pu 0.18 





plutonium were irradiated in the N.R.X. reactor at Chalk River for a time 
sufficient to produce approximately 5 X 10! fissions. Two of the samples 
were allowed to cool for a time sufficient for all the precursors of xenon to 
decay. These samples were used for the determination of the relative yields of 
Xe!3!, Xe!®, Xe!4, and Xe!®. The remaining two samples were allowed to cool 
for four to five days following irradiation after which the rare gas fission 
products were extracted and the mass spectrometer analyses carried out. In 
these samples approximately one-half of the yield of the 133 mass chain was 
present as Xe!*™ and Xe! at the time of analysis. 

The ratio of Xe'8™ and Xe! to any of the stable xenon isotopes occurring 
in fission can, of course, be determined mass spectrometrically. However, 
the presence of iodine and tellurium precursors with moderate half-lives in 
the 131 and 132 mass chains introduces unnecessary complications and 
possible errors due to uncertainty of decay schemes. While Xe* has only 
short-lived precursors the observed yield of this isotope is strongly dependent 
on irradiation conditions because of the large (2.7 & 10° barns) (7) neutron 
capture cross section of Xe". For these reasons the yield of Xe™™ and Xe! 
was only determined relative to Xe! which has no long-lived precursors or 
other complicating factors. 

Since the activity of the irradiated samples used for the determination of 
the relative yield of the 133 mass chain was expected to be in the neighborhood 
of one curie at the time of extraction it was essential that a procedure be 
adopted which required a minimum of handling. The extraction of the rare 
gas fission products was carried out by melting the irradiated Pu—Al alloy in a 
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vacuum furnace. The samples could be removed from their shipping containers, 
opened, and the Pu-Al alloy transferred to the furnace in approximately one 
minute. The entire operation was carried out in a fume hood shielded with 4 
in. of lead. The gases released from the melted alloy were condensed into 
a sample tube containing charcoal cooled to liquid air temperature and 
transferred to another vacuum line for purification in a calcium furnace prior 
to mass spectrometer analysis. The radiation from the rare gas samples 
themselves amounted to about 15 mr./hr. at 1 meter. Since the purification 
and mass spectrometer analysis involved handling the samples only for brief 
periods no shielding was used at this stage. 

The samples were analyzed on a 180° direction focusing mass spectrometer. 
Magnetic scanning was employed. The ion currents were amplified by a 
vibrating reed electrometer and recorded on a strip chart recorder. At least 
10 double scan mass spectrograms were recorded for each sample. 


RESULTS 


The irradiation data for the four samples used in this work and the cooling 
times involved are summarized in Table II. The longest lived precursor in the 
mass chains studied is eight day I'*'. It is obvious that, for samples 1 and 2, 











TABLE II 
IRRADIATION DATA AND COOLING TIMES 
Cooling Time Approx. 
Sample Irradiation time before between neutron flux, 
No. time (hr.) extraction extraction . n./cm.?/sec. 
and analysis 
1 308.2 120 days 1 day 2.610" 
2 67.4 81 days 7 days 6.8X10" 
3 59.0 124.0 hr. 4.95 hr. 1.210% 
4 60.0 147.8 hr. 3.42 hr. 1.210% 





the observed yields need no correction for holdup along the decay .chains. 
The relative yields of the stable xenon isotopes are given in Table III for samples 
1 and 2. The Xe"® yields in column 6 have been corrected for neutron capture 
in Xe" using the estimated neutron flux from Table II. In making this 
correction the assumption was made that the yields of the 135 and 136 mass 
chains in Pu*® fission are identical. The value of the capture cross section of 
Xe" used in the calculations was 3.47 X 10° barns determined by comparison 
to the B!(m,a) cross section (11) for an irradiation position intermediate 
between those in which samples 1 and 2 were irradiated. This value should be 
more appropriate than the monoenergetic 2200 m./sec. value of 2.7 x 10° 
barns (7). Because the neutron fluxes for the plutonium samples are only 
estimated values based on irradiation position and pile power, considerable 
error may be introduced into the corrected Xe!* yields. Additional error may 
arise from the assumption that the yields of the 135 and 136 mass chains are 
equal in plutonium fission. The deviations quoted in column 6, Table III, 
have been arbitrarily set at +25% of the correction applied. 
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TABLE III 
RELATIVE XENON YIELDS IN PLUTONIUM FISSION 








Relative fission yield 








Sample 
Xe!#! Xe!® Xe Xess Xe* corrected 
1 1.000 1.3944.002 1.978+.003 2.336+.005 1.83+.13 
2 1.000 1.396+.004 1.984+.004 2.381+.003 1.70+.17 





In order to calculate the relative yields of the 133 and 134 mass chains from 
the observed ratio of the xenon isotopes at these masses in samples 3 and 4, 
it is necessary that the disintegration constants of the 133 mass chain be known. 
A recent compilation (6) gives the following data for the 133 mass chain. 


63 min. Te 2.3 day Xe 
A ”" 


{1] 82% Pa ; 2.4% ae re 


2 min. Sh —-+> 2 min. Te —»> 21.0 hr. I —> 5.27 day Xe—> _ Cs 
18% At 97.6% As Stable 





Two values are given for the half-life of I'* (20.5 hr., 22.4 hr.). The value 
21.0 hr. has been arbitrarily chosen for use in this work. The actual value of 
the iodine half-life is not critical since, for the conditions of this experiment, 
a 10% uncertainty in this value introduces only 1% error in the final results. 
The times involved in the present work are such that negligible error will be 
introduced if the entire 133 mass chain is assumed to start at I", 

Under these conditions it can readily be shown that the number of atoms of 
Xe!" present at the time of extraction is given by 








a= een ya = oem] 


* 
2 N, = o.024R| 
[2] 7 ho — A ho(Ae — As) 


and the number of atoms of Xe!’ by 





(1 ve gut _ A (1 _ ee aa 
As = At A3(A3 = di) 

(1 me uty t1 (1 = last anes 

(X2 — Ar)(As — Ax) A2(A2 — Au) (As — Az) 


Ne = o.7or| 





[3] + 0.024Rr2 | 





2 Ai _ 1 \ _ Mr | 
Hxk * me in wb hk ee 


where R is the fission rate multiplied by the fractional yield of 133 mass 
chain, Y#33, 
T is the irradiation time, 
t, is the cooling time, 
i, Az, and \; are as indicated in [1] above. 
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From the time of extraction to analysis there is no production of Xe or 
Xe'%s™ from I}, Therefore at the time of analysis the number of atoms of 
xenon of mass 133 is 


[4] No+N3 = wi 7s — _ e +) + Nie™ te 
3 ~~ A2 


where f2 is the time between extraction and analysis. 

Since the holdup in the 134 mass chain is negligible, the number of atoms 
of Xe™ at the time of analysis is R'T where R' is the fission rate multiplied by 
the fractional yield of the 134 mass chain, Y™. The relative yields of the 133 
and 134 mass chains can therefore be calculated from the observed ratio 


[5] 133/134 = (N2 + N;)/R'T. 


In practice, of course, the fission rate is not constant but varies because of 
pile shutdowns and variations in pile power. The effect of these variations 
on the final result will be small since the production rates of the 133 and 134 
mass chains both vary with neutron flux in an identical manner. To provide 
an indication of the magnitude of this effect the calculations for sample 4 were 
carried through assuming a 50% decrease in flux during the last third of the 
irradiation time. The final result obtained differed from the value obtained 
assuming constant flux by only 2%. 

The measured 133/134 ratios for samples 3 and 4 and the calculated yield 
ratios for the 133 and 134 mass chains are given in Table IV. The deviations 
quoted are the precision of the mass spectrometer measurements only and do 


TABLE IV 
RELATIVE YIELDS OF 133 AND 134 MASS CHAINS 








Measured ratio 





Sample Ae + Xe are 
Xe 
3 0.4663+ .0009 0.927+.002 
4 0.4131+.0005 0.924+.001 





not include possible errors arising from uncertainties in the half-lives involved 
in the calculations. Allowance has been made in the calculations for variation 
in neutron flux during the irradiations although, as stated above, the effect 
of such variations is small. Making allowance for possible systematic errors 
due to uncertainties in the decay schemes involved, it would appear reasonable 
to set the yield ratio of the 133 and 134 mass chains, Y"*/ Y™, equal to 0.925 
01. 
DISCUSSION 

Wiles et al. (17) have determined absolute fission yields for the heavy mass 
hump in Pu”? fission. Their value for the 133 mass chain determined at Cs! 
is 4.97%. The xenon fission yields calculated using this value and the relative 
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yield data given above are listed in Table V. The deviation shown for mass 
136 arises from the uncertainty in the correction for neutron capture. The 
deviations at masses other than 136 arise mainly from the 133/134 yield ratio 
determination. 


TABLE V 
XENON FISSION YIELDS Pu?*? FISSION 


Fission yield (%) 














Mass Sample 1 Sample 2 
131 2.71+.03 2.71+.03 
132 3.78+ .04 3.78+ .04 
133 4.97+ .05 4.97+.05 
134 5.37+.05 5.37+.05 
136 5.0 +.4 4.6 +.5 


Average value mass 136 = 4.84.5 





Previous radiochemical yield studies (1) have given considerably higher 
yields for masses 131 and 132 in Pu”? fission (3.6% and 4.9% respectively). 
The possible sources of error in the present absolute value of the Cs! yield 
are discussed by Wiles et al. (17). The conclusions drawn in the following 
discussion depend only on the relative yields of the xenon and cesium isotopes 
and are independent of the absolute fission yield values used. The absolute 
‘alues are given only to convey some idea of the comparison between the 
fission yields for Pu**® fission and those observed with other fissioning nuclei. 

Glendenin (4) suggested that the fine structure observed in the xenon mass 
range in U** fission might be the result of chain branching due to the emission 
of the loosely bound 83rd neutron by the highly excited primary fission 
fragments having that configuration. This explanation was only in qualitative 
agreement with the observed yields. Pappas (10) later developed a quantitative 
explanation of the observed yields in U** fission by combining the postulated 
primary fission preference for 82 neutron nuclei first suggested by Wiles (18) 
with a Glendenin type neutron boil-off mechanism extended to 85, 87, and 89 
neutron species. In order to calculate the fission yield pattern expected on the 
basis of the Pappas treatment it is necessary to know the unperturbed smooth 
mass yield curve, the distribution of primary yields along each mass chain, 
and the extent of the various delayed neutron activities. There is, of course, 
considerable uncertainty in each of the above factors and hence the final 
calculated yields have a relatively large uncertainty. A comparison between 
the calculated and experimental xenon yields in Pu*? fission is shown in Fig. 1. 
It can be seen that the agreement is very good. Good agreement between the 
calculated and experimental yields has also been observed for U** fission (15). 
However, in the case of U** + n fission (3) there is considerable discrepancy. 
Therefore it would appear that while the mechanism suggested by Pappas 
has considerable merit further modification is required before all experimental 
results can be explained. 
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Fic. 1. Comparisons between observed plutonium fission yields and the values calculated 
after Pappas (10). : 


Further samples of Pu**® are now being irradiated under conditions in which 
neutron capture by Xe! will be negligible in order to obtain a more accurate 
value for the yield of Xe'**. Possible variation of the xenon fission yields with 
neutron energy is also being studied. 
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THE YIELD OF Cs'* IN THERMAL NEUTRON FISSION OF U™*! 


By RosALIE M. BARTHOLOMEW AND A. P. BAERG 


ABSTRACT 


The yield of Cs8 in thermal neutron fission of U2 has been investigated 
using the 4% counting technique. The value obtained for the fission yield is 
(7.22+0.29) % based on a value of 6.32% for the fission yield of Ba™°. The half- 
life of Cs!88 was determined and found to be 32.2+0.1 min. 


INTRODUCTION 


Early radiochemical investigations of slow-neutron fission indicated that 
the familiar double-humped yield—mass curve was essentially smooth. Marked 
deviations from a smooth curve were definitely established, however, by Thode 
and co-workers (6, 11) in mass spectrometric determinations of fission product 
rare gases. Plausible interpretations of this fine structure have been evolved 
in terms of various closed shell effects on the fission process and also on the 
post-fission processes. 

Pappas (7) has made quantitative estimates of the U** fission yields in 
the heavy mass wing, based on the concept of primary prompt neutron 
emission from each fission fragment followed by additional prompt neutron 
emission from those fragments with 1, 3, 5, or 7 neutrons outside the closed 
82 neutron shell. The estimates include, in addition, effects due to delayed 
neutron emission. Although only a few delayed neutron emitters have been 
identified, it is expected that all of them belong to a group. of nuclides which 
have 2, 4, or 6 neutrons in excess of closed shells. The mass 138 chain is of 
particular interest in this connection because it may be expected to exhibit an 
enhanced fission yield due to delayed neutron emission from I'**. Pappas (7) 
has estimated this effect at about 5.5% of the yield estimate based on primary 
and secondary prompt neutron emission alone. In spite of this interesting 
possibility it is only very recently that measurements have been made on the 
yield of the mass 138 chain. We have made radiochemical measurements of 
the yield of 32 min. Cs'*8, relative to that of 12.8 day Ba™®, in the thermal 
neutron fission of U*, using 47 counting techniques. 

The formation of Cs'*8 in fission may be represented as follows: 


Xe138 
af 


Fission f 6 | 17 min. 





Cs}88 — Ba® stable 


32.2 min. 


where the fraction of the 138 mass fragments leading to Xe'** is denoted by a 
and that leading directly to Cs'** by b. 

1 Manuscript received November 16, 1955. 

Contribution from Atomic Energy of Canada Limited, Chalk River, Ontario. Issued as A.E.C.L. 


No. 275. This paper was presented at the Symposium on Nuclear Chemistry and Radiochemistry 
held at McGill University, Montreal, Que., September 7-9, 1955. 
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If a uranium sample is irradiated for a time, ¢:, and then allowed to decay 
for a time, te, the number of Cs'*8 atoms present at time ?2 is given by: 


1—0d 


: : Pees ( “$F et) ek Faded (| = em); 
ea 


[1] atoms Go = Yann | 


af e ate | a ey | 


2 


where Y43s is the cumulative fission yield of Cs'8, N is the fission rate, A1 
and ),2 are the decay constants of Xe!8(17 min.) and Cs!*8(32.2 min.) respec- 
tively. This equation may be more simply written in the form of equation [2] 
where k; and kz may be calculated from the experimental conditions and the 
known decay constants involved. 


[2] atoms Cs88 = Vi3gN(ki b + ke) 


EXPERIMENTAL 


Samples of uranium oxide (50-150 mgm. UO.) were sealed in small quartz 
capsules and irradiated in a high flux position (about 5 X 10" neutrons/ 
cm.?/sec.) in the Chalk River N.R.X. reactor for a few minutes and returned 
immediately to the laboratory by pneumatic conveyor. The capsule was 
crushed in 5 ml. hot 4 NV HNO; solution containing about 50 mgm. Ba (NOs3)e 
and about 20 mgm. CsNO; carriers. The UO2 was quickly dissolved upon the 
addition of HCI gas. The time of complete solution was noted as that at which 
the remaining Xe'* was removed (f2 in equation [1]). The solution was then 
cooled in ice and BaCl, precipitated by saturating the solution with HCI gas. 
The barium was later further purified (2) for activity measurements. 

The supernatant solution from the BaCl, precipitation was then diluted to 
6 N HCI, cooled in ice, and the cesium precipitated by addition of 1 ml. of 
0.125 M silicotungstic acid. This precipitate was washed twice with cold 6 NV 
HCI and then dissolved in 2 ml. of 2 M LiOH and the cesium adsorbed on a 
Dowex-50 cation resin column (0.5 X 3 cm.) in the Li form. The column was 
washed with a few milliliters of water followed by 15 ml. of 1 N HCl. The 
cesium was finally removed with 5 ml. of concentrated HCl, made up to 
constant volume, and from this small aliquots were taken for counting. 

The chemical yield of barium was determined gravimetrically by precipita- 
tion of barium sulphate. The chemical yield of cesium was determined by 
weighing as cesium chloroplatinate (9). 

The disintegration rate of Ba'® and that of Cs'* was determined using 
the 4 counting technique. Counting samples were prepared by evaporation of 
known aliquots of the solution on thin films (5 wgm./cm.*) of zapon which had 
a conducting film of gold (5 ugm./cm.*) on each side. Self-absorption in the 
barium was essentially eliminated by the technique of successive dilution and 
by spreading the material as uniformly as possible, using insulin treated 
films (1). 
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ELAPSED TIME - MINUTES 


Fic. 1. Representative decay curve of a cesium source. 


In Fig. 1 is shown a typical cesium source decay curve. The decay was 
followed for about 12 hr. to check on the purity of the Cs8 and to permit 
analysis of the curve for 85 min. Ba!® present in the sources as the product 
of the decay of some 9.7 min. Cs'*°. The latter appears as a slightly greater 
counting rate at the start of the observed decay. 

The disintegration rate of the Cs'** was calculated back to the time, fs, 
at which the Xe"8 was removed from the sample. The half-life of Cs* was 
determined in a separate experiment in which the Cs'° had essentially all 
decayed before purification of Cs was started. The half-life found was 32.2+0.1 
min. over about 14 half-lives. 


RESULTS AND DISCUSSION 


The results of seven experiments are summarized in Table I. The value 
obtained for the fission yield of Cs'** is 7.22% with a standard deviation of 
0.29%. In the yield calculations it was assumed that the fractional independent 
yield, b, for Cs is zero. Experimental conditions were varied so as to obtain a 
range of the ratio k;/k. It is felt that this ratio varied sufficiently that an 
independent yield of Cs'** greater than 5% of the chain yield would have been 
detected. The independent yield of Cs'** may, however, be estimated to be 
about 20% of the chain yield before secondary prompt neutron emission, 
assuming the most probable charge, Zp, for the 138 mass chain to be 53.9. 
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TABLE I 


EXPERIMENTAL RESULTS 
atoms Cs#8 = Yy3sN(kib + ke) 











Fission 
Expt. Irradiation Decay yield (%) 
No. time, ¢; time, fe ky ke ki/ke (relative to 
(sec.) (sec.) Ba! = 
6.32%) 
1 180 632 79.61 59.34 1.34 6.65 
2 180 1170 33.95 80.61 0.43 6.97 
3 300 1260 41.76 139.22 0.30 7.58 
4 300 1275 40.42 139.60 0.29 7.20 
5 300 1730 6.42 146.48 0.044 7.34 
6 180 726 68.85 65.46 1.07 7.39 
z 300 2250 —17.27 144.14 —0.12 7.36 


Average = 7.22+0.29% 





Pappas (7) has postulated that those nuclides with 83, 85, 87, and 89 neutrons 
which are formed independently in fission are removed from their mass chains 
by additional prompt neutron emission. Since the Cs'%8 nucleus contains 83 
neutrons no observable independent yield would be expected. Our results are 
consistent with these ideas. 

The value of 7.22% for the yield of Cs'88 is considerably greater than that 
of 6.8% for the chain predicted by Pappas and it deviates markedly from the 
unpublished mass spectrometer value of 5.74% quoted by Steinberg and 
Glendenin (10) in their paper to the Geneva conference. Unless the accepted 
decay scheme (3) for Cs'8 is incorrect it is difficult to account for this discre- 
pancy at the present time. On the other hand a reasonable interpretation for 
the 7.22% value can be made in terms of delayed neutron emission in I. 

If the 2.6 sec. I'*° is not a delayed neutron emitter the predicted yield of the 
mass 138 chain would be about 6.44%, not significantly different from the 
yield of about 6.3% predicted from the smooth mass-yield curve. The esti- 
mated independent yield of I'*® is 1.36% in fission assuming that the most 
probable mass 139 charge, Zp, is 54.3. Pappas has estimated that about 25% 
of the 8-emission in I'*° leads to neutron emission in the excited Xe!*® daughter. 
This brings the estimated yield for mass 138 up to 6.8%. The neutron emission 
probability for I'** would have to be about 56% to bring the mass 138 yield to 
7.22%. The yield of the mass 139 chain should then also be correspondingly 
lower—about 5.6%. Earlier radiochemical measurements on Ba! indicated 
values of 5.9 and 6.1% (see Ref. 7). Reed and Turkevich (8) have found a 
value of 6.4% while Pappas (7) has measured the yield as 5.79%. 

It seems significant that a recent analysis, at Los Alamos and Brookhaven, 
of the gross decay curve for delayed neutrons in U** fission indicates a 2.11 
sec. period with over 40% abundance (5). The total yield of delayed 
neutrons in U5 fission is about 0.755% of all neutrons (4). If this 2.11 sec. 
delayed neutron period, with its 40% abundance, is ascribed to I'*°, the total 
yield of the mass 138 chain becomes 7.21%. 
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RECENT DEVELOPMENTS IN LOW BACKGROUND 
GEIGER-MULLER COUNTERS! 


By W. E. Grumm itt,’ R. M. Brown,’ A. J. CRUIKSHANK,’ AND I. L. FOWLER? 


ABSTRACT 


G-M counting assemblies have been constructed which give dependable low 
background operation in routine use. Possible construction materials have 
been examined in detail for radioactive content in an effort to achieve minimum 
inherent activity in the assembly. The cosmic ray component of the normal 
background has been eliminated by an anticoincidence arrangement. Increased 
reliability of the system is obtained through (a) use of a multiple anode anti- 
coincidence counter in place of a bundle of tubes, (6) use of an electronic quench 
on both sample and shielding counters, and (c) operation of the assembly as 
flow counters in tandem. In the best arrangement to date a copper counter 
with a polystyrene seal gives a background of 0.9 counts per minute. 


INTRODUCTION 


There has been considerable information published during the last few 
years by workers using 1 to 10 liter gas filled counters to measure very low 
C" and tritium activities (1, 4, 7). The present paper considers the design of a 
low background assembly suitable for use with a conventional end-window 
beta or 60 cc. tritium counter. 

The data at present available indicate that three components contribute 
to the background in a counter: cosmic radiation, y disintegrations in the 
shield and surrounding material, and a, 8, and y activities in the counter 
materials. The cosmic contribution can be eliminated electronically by reject- 
ing pulses which occur coincidently with those in surrounding counters. 
Because of the present low efficiency of y counting, this method cannot be used 
to eliminate the second component of the background and it is therefore 
necessary to shield against y radiation. The third component must be con- 
trolled by careful selection of construction materials. 

Very little information is available regarding radioactive impurities in 
metals and common insulating materials. Anderson, Arnold, and Libby (1) 
give some qualitative data for iron, steel, and brass, while Bearden (2) and 
more recently Fergusson (4) have measured the a counting rate of some 
metal surfaces. It is desirable to investigate such materials in some detail in 
order to be able to construct an assembly having minimum inherent radio- 
activity. 

COUNTER MATERIALS 

Two methods of examining materials are of value, direct counting of a 
sample of large area and chemical concentration of the radioactive contami- 

1Manuscript received November 14, 1955. 

Contribution from Atomic Energy of Canada Limited, Chalk River, Ontario, and Defence 
Research Chemical Laboratories, Ottawa, Canada. Issued as A.E.C.L. No. 274 and D.R.C.L. 
No. 208. This paper was presented at the Symposium on Nuclear Chemistry and Radiochemistry 
held at McGill University, Montreal, Que., September 7-9, 1955. 


2 Atomic Energy of Canada Limited, Chalk River, Ontario. 
3Defence Research Chemical Laboratories, Ottawa, Canada. 
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nant. In the first instance the activity of the sample is compared with a known 
uncontaminated control. In the second, the sample is dissolved in acid and 
scavenging agents such as ferric hydroxide — barium carbonate precipitated 
by the addition of a suitable reagent. If the ferric hydroxide is counted in high 
geometry, the sensitivity can be increased 100-fold over direct counting. 
The K* contribution is estimated from spectrographic analyses, although its 
contribution is negligible for metals. The 8 activity of plastics is readily 
measured by destructive distillation of the material in a covered nickel 
crucible and counting the ash. 

Results obtained for a wide variety of materials are presented in Table I. 
Copper is superior to the other metals measured, probably as a result of 











Corning 7750 sealing glass 
Corning 7052 glass 

Corning 7740 Pyrex glass 

Corning 0080 Soda Lime glass 
Silica 

Steel scale 

Mica, India Ruby (10 mgm./cm.?) 


co 


TABLE I 
ACTIVITIES IN COUNTER MATERIALS 
Dis./min./100 gm. B~ counts/min./100 cm. 
Lead, modern 350 11 
Lead, 16th century 35 1 
Solder, 30/70 Fluxrite 220 7 
” Solder, 50/50 Wire 700 23 
Aluminum 2S 160 6 
Aluminum superpure 110 + 
Brass rod 60 2 
Brass tubing 4, 8, 16 0.1, 0.3, 0.5 
Hard solder 50 1.5 
Copper, OFHC tubing 1.5 0.05 
Polystyrene sheet 0.7 0.02 
Polythene sheet 0.8 0.025 
Perspex sheet, ICI 0.4 0.01 
Plexiglas sheet, Rohm and Haas, 
Vi 0.7 0.02 
Plexiglas sheet, Rohm and Haas, 
Transparent 1.0 0.03 
Lucite rod, Dupont 0.5 0.015 
3 
3 
* 
7 
0. 
5 
0 


w 





electrolytic refining. Numerous metals not included in the table, e.g. platinum, 
tin, cadmium, and antimony, have a rather high and variable level of activity. 
Values ranging between 10 and 200 c.p.m./100 cm.’ are observed. It is interest- 
ing to note that 16th century lead is appreciably better than ‘superpure’ 
aluminum. 

There is extremely little variation in the activity remaining in the ash of 
various plastics. This is somewhat surprising since the ash weight varies from 
1.7 mgm./100 gm. for Plexiglas UVA (ultraviolet absorbing) to 90 mgm./100 
gm. for polythene. The present level for local dust is 25 dis./min./100 mgm. 
ash, comparable to the specific activity of Plexiglas ash. 

Using a B/a ratio of 20, an average of that observed for aluminum, old lead, 
and local sand, it is possible to obtain a measure of the surface a activity. 
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Calculated counting rates range from 3 X 10-* c.p.m./100 cm.? for oxygen- 
free copper to 6 X 10-* for Perspex and Lucite. These values are a factor of 
5 to 15 lower than those observed on counting “‘radioactively clean”’ materials 
(4, 2), and presumably represent minimal values which would be obtained for 
samples completely free from surface contamination. 


SHIELDING MATERIALS 


Numerous materials are in common use as y ray shields and there are 
advantages associated with each. Radioactive impurities in lead, copper, 
and mercury can be estimated readily but this is more difficult with iron. 
In this case the shield is usually constructed and then tested for contamination 
by comparison with other shields. Lead is easily cast to shape and has a high 
density, but modern samples contain appreciable activities. The observed 
level of activity in old lead is presumably due to radium, while the major 
portion of the activity in modern lead is due to Pb*!®. Using the ratio of 
activities in the two lead samples it is possible to calculate that the extent of 
removal of radium in the 16th century refining process was 96%, assuming that 
the original ores contained similar amounts of radium. Mercury is obtainable 
in very pure form, but requires a complex safe containing vessel and is expen- 
sive. The cost can be reduced by a factor of two to three by interposing the 
mercury between the counters. This may improve the background, but 
demands larger and somewhat more complex annular and top counters because 
of the increased radius. 

A comparison of the backgrounds obtainable with lead and mercury is of 
interest. The best value achieved to date is 0.9 c.p.m. in a 30 cc. counter in a 
castle of 2 in. of mercury surrounded by 2 in. of modern lead. With the mercury 
removed this count increased to 1.8, a difference of 0.9 c.p.m. Since 16th 
century lead shows an improvement of 10 times over modern lead (Table I), 
the count inside 2 in. of 16th century lead surrounded by 2 in. of modern lead 
would be 1.0, an increase of only 0.1 c.p.m. over the mercury—lead combination. 
For a small counter such as the one used here, lead can provide a very satis- 
factory and economical solution. 

COUNTERS 


The end-window 8 counter shown in Fig. 1 is constructed of 0.1 in. oxygen- 
free copper tubing to which the copper end cap and flange are hard soldered. 
A polystyrene insulator which carries the tungsten or stainless steel center wire 
is cemented in place in the end cap with Biggs R313 or Armstrong Al or A2 
bonding agent.* There is some evidence that polystyrene is porous to hydrogen, 
helium, and possibly air. It has been found difficult to make counters with 
such insulators last for six months. Saran insulators appear to be much better. 
Mica is used as a window material for counters which are to be evacuated 
and filled, but a thin plastic such as saran film is used in flow counters which 
operate at atmospheric pressure. In both instances the windows are cemented 
in place and covered with a thin conducting film of aquadag to minimize 
charge effects which result in a form of instability. 


*Carl H. Biggs Co., Los Angeles, California. Armstrong Products Co., Warsaw, Indiana. 
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SECTION 


Fic. 1. Anticoincidence counter assembly. 


The top anticoincidence counter is constructed in a similar manner except 
that the window is replaced with a copper plate. In the 60 cc. tritium internal 
gas counter construction is again similar but the wire is supported at both 
ends by having insulators in both end caps. 

Initially, six separate shielding counters were used but these have been 
replaced with a multiple anode annular counter which has previously been 
described in detail (5). It is again constructed of copper with polystyrene 
insulators and eight wires are symmetrically disposed in a common envelope 
consisting of the annular volume between two concentric cylinders. As sug- 
gested by Raeth (6), shielding vanes may be interposed between the wires. 
These improve the plateau characteristics and allow the wires to operate 
independently of one another. However they constitute a smallamount of 
dead volume and interfere with flushing when the assembly is used as a flow 
counter. Photographs of a sectioned early model of this counter are shown in 
Fig. 2. 

In the operation of the assembly all the shielding counters are connected 
together and placed in anticoincidence with the end-window 8 counter or the 
60 cc. tritium counter. 

The anticoincidence background is, of course, a function of the coincident 
background and as this varies directly with the efficiency of the counters for . 
cosmic rays, the stability of the latter is of the utmost importance. Thus if the 
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Fic. 2. Cutaway view of anticoincidence counter assembly. 


anticoincidence background is equal to 1, and the coincident* equal to 10, a 
1% change in the efficiency of the shielding counters will cause a 10% change 
in the anticoincidence background. An anticoincidence annular counter 
greatly increases the reliability of the system, being much more stable than six 
individual counters and having a relatively constant efficiency throughout its 
useful life. Furthermore if it fails, failure is immediately apparent. Failure of 
one counter from a ring of six separate counters connected together might go 
unnoticed for a considerable time. 


COUNTER OPERATION 

The use of an electronic quench unit (3) is found to be advantageous even 
with self-quenched G-M counters. During the discharge of such a counter, 
most of the positive charges are transferred from the noble gas atoms to the 
molecules of quench gas which dissociate on reaching the cathode thus avoiding 
photoemission of electrons by the cathode and subsequent secondary dis- 
charge of the counter. However, the concentration of quench gas may be 
insufficient to completely remove the positively charged noble gas ions, in 
which case a number of secondary spurious pulses may be expected. These 
are most likely to occur when the quench gas has been depleted by a large 
number of discharges, or when it is desired to introduce high pressures of 
some additional gas such as hydrogen. If a trace of air leaks into the counter 
spurious discharges may also result from oxygen negative-ion formation. 
Because of their lower mobility the negative ions may only reach the neighbor- 
hood of the wire after the discharge in which they were formed is complete 
and thus trigger a second and spurious discharge. To eliminate these spurious 
pulses the counter may be electronically quenched, holding the potential of 
the wire below threshold voltage after a discharge for a period longer than the 


*The coincident background is that portion which is coincident in both counters and is removed 
by the anticoincidence circuit. The anticoincidence background 1s the portion remaining. 
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transit time of the ions involved. This time is about 200 usec. for hydrogen in a 
1 in. diameter counter. In practice dead times of the order of 1000 to 2000 
usec. are used for both counters. Since the dead time is fixed by the quench 
unit and is always the same, counting losses due to it may be calculated with 
accuracy. 

Wolfgang and Libby (7) have introduced the use of ethylene as a quench 
gas for hydrogen, suggesting that the charge transfer action is one of chemical 
absorption of the negative hydrogen ions. However, the system gives satis- 
factory counting characteristics only at limited hydrogen pressures. The 
beneficial effect of applying an electronic quench to this counting system is 
illustrated in Fig. 3. A flat plateau has been obtained with hydrogen pressures 
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Fic. 3. Typical plateaus. 
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Filling—6 cm. argon, 4 cm. ethylene, 40 cm. hydrogen. 





up to 70 cm. Hg and there is every indication that considerably higher pres- 
sures could be used successfully with this circuit. 

As the arrangement of shielding counters is unusual, a determination was 
made of the effectiveness of their distribution. Fig. 4 shows the effect of the 
vertical position of the end-window counter within the assembly as illustrated 
in Fig. 1. An increase in background is observed because of incomplete shielding 
from below (left), and because of incomplete top shielding (right) as the center 
counters are raised. A redesign of the annular ring which would lower its 
effective counting volume would thus be desirable. In a more recent model the 
effective volume has been lowered 0.42 in. by decreasing the thickness of the 
end plate and the projecting length of the bottom insulators. 

One of the problems associated with the operation of G-M counters is the 
relatively short life expectancy* and this is accentuated in a low background 


*Halogen quenched counters have very long lives but because of their somewhat lower cosmic ray 
efficiency and a delay phenomenon they are not suitable in anticoincidence arrangements. 
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Fic. 4. Effect of the position of the center counter within the annular counter. 


anticoincidence assembly because of the multiplicity of counters and limita- 
tions regarding materials. The use of the multiple anode counter substantially 
reduces the magnitude of this problem but a further improvement has been 
obtained by the operation of the whole assembly as flow counters in series 
using an isobutane-helium mixture. Fig. 5 shows the dependence of the G-M 
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threshold on the gas flow rate, the lower curve being obtained with the multiple 
anode counter. It is desirable, of course, to operate in a region of minimum 
slope and consequently rates as low as five bubbles per minute (1 cc./min.) 
are satisfactory. The upper curve shows the deterioration of plateau length 
and slope by the introduction of 1 ft. of tygon tubing (a plasticized polyvinyl 
copolymer). At 1 cc./min. the plateau slope is increased from 2% to 14% per 
100 v. This is typical of the effect of chlorinated hydrocarbons and is presum- 
ably due to negative-ion formation. 

The increased life expected from the flow system will also result in a more 
stable counter because of the removal of two aging phenomena: increasing 
spurious counts in the end-window counter and increasing threshold voltage. 
Furthermore, plastic film can be substituted for the mica window, removing the 
last major source of activity from the counter and making the background of 
an end-window counter comparable with that obtainable in a gas counter. 
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PRODUCTION OF Be’ IN THE ATMOSPHERE! 


By A. J. CRUIKSHANK,? G. COWPER,’ AND W. E. GrRuMmItTT® 


ABSTRACT 


The concentration of Be? in the atmosphere has been determined by measuring 
the activity associated with dust particles in ground level air. It is calculated 
that the observed concentration is maintained by a production rate of 2300 
atoms Be?/cm.?/day in northern latitudes. 


Libby (4) in 1946 predicted the presence of radioactive nuclides in the 
atmosphere. C“ and H* have been widely studied and Be’ has been reported 
recently in rain by Arnold and Al-Salih (1). We have investigated the Be’ 
attached to dust particles in the air and calculate a production rate of 2300 
atoms cm.~* day~!. This is somewhat smaller than but compatible with 
Arnold's value from rain. 


EXPERIMENTAL 


Samples were collected over a period of 14 months at four widely separated 
stations north of geomagnetic latitude 55°. Air volumes of 107-108 liters were 
passed through efficient paper filters which removed essentially all of the mass 
of the dust in the atmosphere. The papers were ashed at 500°C. and inactive 
Be and Ce carriers were added. The mixture was fused with NaHSQ,, then 
digested with water, and treated with NH;. The precipitate was dissolved in 
HCl and reprecipitated several times with NH; gas to remove excess CaSO, 
and SiO... A few milligrams SbCl; were added and precipitated with H.S 
from slightly acid solution to remove interfering activities such as Ru and Te. 
A further NH; precipitation followed by solution in a minimum of HCl 
left further sulphides behind. Ce was precipitated from 3 N NaOH and Be 
was recovered by acidifying the solution and then precipitating with NH3. 

The Ce(OH); was successively precipitated as fluoride, hydroxide, and 
oxalate. The oxalate was mounted, weighed, and beta counted through 
absorbers to estimate the Pr'‘ activity. This was used as a measure of the long 
lived fission products collected. 

The Be(OH), was dissolved in dilute HCl and scavenged twice with Fe(OH); 
precipitated from 1.5 N NaOH. Be was then precipitated with NH,OH, 
converted to the basic acetate by heating with acetic acid to 200°C., and then 
was extracted into CHCl;. The CHCl; was evaporated, Be(OH).2 was precipi- 
tated, ignited at 500°C., and weighed. 

The 0.48 Mev. y ray was counted in the central well of a 3 in. Nal crystal 
which was shielded with 2 in. Hg and 4 in. Pb. An 18 channel pulse analyzer 

' Manuscript received November 14, 1955. 

Contribution from Atomic Energy of Canada Limited, Chalk River, Ontario, and Defence 
Research Chemical Laboratories, Ottawa, Canada. Issued as A.E.C.L. No. 276 and D.R.C.L. 
No. 206. This paper was presented at the Symposium on Nuclear Chemistry and Radiochemistry 
held at McGill University, Montreal, Que., September 7-9, 1955. 


2Defence Research Chemical Laboratories, Ottawa, Canada. 
’Atomic Energy of Canada Limited, Chalk River, Ontario. 
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was used to scan the peak. Energy and efficiency calibrations were done with 
standardized Na” and Cs"? sources. The Be’ concentration at the time of 
collection was calculated using a 53 day half-life, y counting efficiency of 0.50, 
and y branching ratio of 0.11. 

Several early samples showed Ru y activity, but introduction of the sulphide 
scavenge and an extra Fe(OH); scavenge produced pure Be activity. Three 
samples were put through the complete purification for a second time and 
showed the same specific activity. The yield of Be was usually 60-70% but 
in some samples containing an excessive amount (>100 mgm.) of Al much 
Be was lost in the acetate extraction and only 15-20% over-all yield was 
obtained. 

In some cases where there was a considerable delay in analyzing the samples, 
the counting rates were low compared to the background and there is con- 
siderable statistical error. 


RESULTS 
The observed Be’ and Ce! concentrations in atoms per liter are given in 
Tables I and II. They are corrected for decay to the time of collection. The 

















TABLE I 
ATOM CONCENTRATIONS IN THE ATMOSPHERE IN ATOMS/LITER AT THE TIME OF COLLECTION 
Station 1 Station 2 

Date 

Be? Ce Be’ Cel 
Nov. 0+20 7.6 60+50 1.0 
Dec. 2342.5 5.342.5 
Jan. 10.7+2.5 2.9 3.94+2.1 1.9 
Feb. 2544 1 14+4 
Mar. 1342.5 1242.5 
Apr. 2743.7 16+3 
May §.54+1.2 14+1.2 1.2 
May 17+1.9 0.8 10+1.6 
June 10.542 1541.1 7.3 
June 17.7+1.7 7.8 y 
July 8.8+0.9 5.6 10.6+2.2 8.9 
Aug. 1.0+1 1.2 2.5+1.0 1.0 
Sept. 1.8+0.6 §.§ 5.1+40.8 8.2 
Oct. 4.7+0.5 11.5 
Nov. 8.0+0.4 37.2 
Dec. 7.140.2 40 

TABLE II 


ATOM CONCENTRATIONS IN THE ATMOSPHERE IN 
ATOMS/LITER AT THE TIME OF COLLECTION 











Date Be? Cel 
Station 3 
27 July —3 Aug. 1.6+0.12 10 
15 Oct. — 25 Oct. 1.8+40.13 35.4 
7 Jan. -17 Jan. 2.6+0.05 34.6 


Station 4 


5 Jan. - 8 Jan. 4.2+0.25 13.6 
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stations are numbered from north to south. The limits of error given are the 
standard deviations of the counting rates, usually the principal source of 
error. Another source of error, the magnitude of which is difficult to estimate, 
is the plugging of the filter by an overload of dust or by small amounts of 
driven snow. Filters which were obviously snowbound were discarded. At 
Stations 3 and 4 about four times as much air was put through each filter as at 
Stations 1 and 2, and the dust loading was somewhat higher, so that less than 
the calculated volume may have been filtered. Hence the concentrations 
reported for Stations 3 and 4 may be somewhat low. 

There is a considerable day-to-day variation in both Be and Ce concentra- 
tions and also a marked seasonal variation from winter to summer at Stations 
1 and 2. The variation is greater at Station 1 than at Station 2 and at Station 3 
there is little seasonal variation. 


DISCUSSION 


If the Be and Ce were produced artificially one would expect that subsequently 
the Be activity would decrease relative to the Ce, because of the difference 
in half-lives. This is not observed, so we conclude that Be’ is produced 
naturally by the action of high energy cosmic rays in the atmosphere. 

This being so, one would expect that the concentration would build up to 
an equilibrium value corresponding to the rate of production. However 
diffusion, gravity, electrostatic attraction, and rainfall will reduce the con- 
centration by bringing the Be’ to the earth’s surface where it becomes fixed. 
Of these, rain and snow are by far the most efficient in removing dust from 
the air and Arnold has shown the presence of Be’ in rain. 

Day-to-Uay variation can probably be explained in terms of atmospheric 
stability as in studies of industrial air pollution. We will attempt to show that 
rain and snowfall can account for the seasonal variations in a satisfactory 
manner and thus arrive at an average value for the rate of production. 

Since the yearly average Be’ concentrations at Stations 1 and 2 are roughly 
equal and the total annual precipitation at 2 is three times that at 1, the total 
precipitation cannot be an important factor. We have introduced as the 
significant variable the function R, which equals the amount of rain or snow 
in the month previous to collection divided by the total annual rainfall. 
The physical basis for this is the assumption that the cleanup is proportional 
to the fraction of the available water which comes down as rain or snow. 
In cold climates with little water vapor, a small amount of rain may include 
nearly all the dust nuclei present, whereas in a warmer climate the same 
amount of rain may represent a much larger number of drops, many of which 
evaporate before reaching the ground, thus leaving their nuclei behind. 
The annual rainfall is taken as a rough measure of the absolute humidity. 

The curves in Fig. 1 show the reciprocal of R, and the points are the Be’ 
concentrations in atoms per liter. The points follow the curves fairly well but 
with an apparent time lag. 
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Fic. 1. Monthly variation of Be’ concentration with rainfall. The curves indicate the 
fraction of the total annual precipitation which fell in the preceding month and the points 
indicate Be? concentration. : 

Consider the usual type of differential equation 


dN/dt =Q— AN 


where N = concentration of Be’ in atoms liter! 


Q = rate of formation of Be’ in atoms liter! day 
A = rate of disappearance of Be’ 
=A+kR 
\ = disintegration constant of Be’ in day—. 


Integrated, this becomes 
Nz=Me'+Q1—e)/A 


and at saturation 
AN 
4/Q + kR/Q. 


At Stations 1 and 2, the winter snowfall is very low and equilibrium is 
approached slowly in the spring quarter with a period approximating 1/X. 
In the summer R is large, A becomes large, and equilibrium is quickly estab- 
lished. 

Fig. 2 shows the reciprocal of the quarterly average Be’ concentrations 
(slightly corrected for non-equilibrium conditions) plotted against R. The 
intercept gives 1/N = \/Q = 0.02 from which Q = 0.655 atom liter! day 
and the slope gives k/Q = 1.3 or k = 0.86 day. As the intercept is very close 
to zero there is some uncertainty in the value of Q. 


Q 
or 1/N 
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Fic. 2. 


and 2. 
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Variation of Be? concentration with rainfall. Quarterly averages at Stations 1 


Substituting these values in the growth equation gives the Be’ concentra- 


tions in the 


“Nea column of Table III. The agreement with the observed 


figures at Stations 1 and 2 is fairly good. At Station 3 the observed values 


COMPARISON OF CALCULATED AND OBSERVED Be’ CONCENTRATIONS 


TABLE III 








Three month averages 





Obs. values, 








Month Station 1 Station 2 Station 3 
Neate Novs/Neaic Neate Novs/ Neate Neale Novs/ Neale 

Jan. 14.1 1.39 12.0 0.64 8.1 0.32 
Feb. 1 fe | 0.95 13.5 0.74 

Mar. 18.2 1.19 13.1 1.07 

Apr. 20.4 0.93 11.9 i me yg 

May 18.9 1.07 10.8 1.39 

June 16.7 0.86 9.2 1.41 

July 10.1 0.89 7.3 aor 

Aug. aia 0.54 5.2 | me 6.6 0.24 
Sept. 4.4 (0.80) 4.7 0.87 

Oct. 4.7 5.4 1.09 7.5 0.24 
Nov. 7.0 7.2 0.92 

Year 12.56 0.95 9.16 1.03 
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may be low because of the overestimate of the air volumes mentioned earlier. 
The effective @ may be lower as well, because of considerable mixing with air 
from the Gulf of Mexico where the cosmic ray intensity is less. 

In order to calculate the total rate of production of Be’ to the top of the 
atmosphere we must make some assumptions as to the structure of the atmos- 
phere and the mode of production of Be’. The following assumptions are 
qualitative and do not apply rigorously to any given case. There is uniform 
vertical mixing in the troposphere to 40,000 ft. (200 mb.). There is a loss 
close to the ground due to the settling of dust in the absence of rain. This effect 
is being investigated further, but aircraft flights have shown that our ground 
level values are one half those in the bulk of the troposphere. The volume of 
the troposphere is assumed to be 640 liters/cm*. The production rate in the 
troposphere is thus 2 X 640 X 0.655 = 840 atoms cm.~? day for northern 
latitudes, ignoring north-south mixing. 

The contribution from the stratosphere is mainly by gravitational fall from 
the twilight zone (200-50 mb.). Vertical diffusion is very slow as shown by the 
relative humidity of 2-3% compared with nearly 100% a few kilometers 
lower in the troposphere (2). However this low humidity implies a circulation 
of about six months from the equator which means that the concentration 
will be affected slightly by the lower cosmic ray intensity below 50° latitude. 
Above 50 mb., there is probably no dust and hence the fallout time is very 
long compared with 53 days. It has been observed that volcanic ash in the 
stratosphere falls at 86 meters/day and from this we estimate a half time of 
about 85 days for fallout of Be’ through the 200 mb. level. 

The Be’ is presumably formed by reactions such as N"(p,2a) Be’. There are 
a large number of such reactions, all roughly equal in probability at high 
energies. The distribution of high energy nucleons in the atmosphere is fairly 
well known (3) and assuming that Be’ production is proportional to the flux, 
one can estimate that 20% of the total is formed below the 200 mb. level and 
48% between the 200 and 50 mb. levels. Allowing for the fallout time from 
the stratosphere, the troposphere concentration should be 0.20 + 0.33 X 
0.48 = 0.36 times the total. Thus the total Be’ production to the top of the 
atmosphere in northern latitudes is 840/0.36 = 2300 atoms cm.~ day. 

H. Carmichael in a private communication has used data for star production 
in ion chambers to estimate a production rate for Be’ of 1.1 X 10‘ atoms 
cm. day for northern latitudes. 

This value and Arnold’s value of 3000 atoms cm. day agree fairly well 
with ours, considering the differing assumptions made in each calculation. 


REFERENCES 


1. ARNOLD, J. R. and AL-Sauin, H. A. Science, 121:451. 1955. 
2. Compendium of Meteorology. Am. Meteorol. Soc. 1951. 

3. Dymonp, J. Progr. Cosmic Ray Phys. 2: 119. 1954. 

4. Lipsy, W.F. Phys. Rev. 69:671. 1946. 








THE DETERMINATION OF TRITIUM IN NATURAL WATERS! 


By R. M. Brown? AnD W. E. GrummittT® 


ABSTRACT 


A study of the tritium content of rain- and sea-water samples collected 
during the past several years has been made. The tritium in 100-2000 gm. 
samples was concentrated 2000 to 20000 fold by electrolysis and the final con- 
centrate counted as hydrogen in a Geiger counter. Good counter characteristics 
were obtained at hydrogen pressures up to one atmosphere by the use of an 
electronic quench unit of suitable deadtime in addition to the internal quench 
gas, ethylene. Rain and snow samples collected at Ottawa over the period 1951- 
1953 were found to range from 17.1 to 42.0 tritium atoms per 10'* hydrogen 
atoms, averaging 26.6. Tritium values for Ottawa rain-water for 1954 showed 
marked effects of the thermonuclear tests in the Pacific in the spring of that 
year, rising 10 to 100 fold during the test period, then gradually returning to 
normal, demonstrating a half time for washout of 35 days. The average tritium 
concentration of the year’s rain is estimated to be 260 X 10-'8§ T/H. Surface 
sea-water samples collected at widely separated sites in the latter half of 1954 
and early 1955 showed tritium concentrations in the range 3.0-4.2 K 107!8 T/H, 
a value which corresponds with the amount of artificially produced tritium 
observed in Ottawa rain. Subsurface samples collected at one station off the coast 
of Nova Scotia in mid-1955 showed an unexpected concentration level and 
pattern, having a T/H value of 32.4 X 10~'8 at the bottom depth of 600 ft., 
diminishing to a value of 5.4 X 10~'8 at the surface. This is not thought to be 
a result of thermonuclear testing and warrants further investigation. 


INTRODUCTION 


Discovery of the radioactive nature of tritium in 1939 (1) seemed to elimin- 
ate any possibility of the existence of this nuclide in nature. However, in 1946 
Libby (6) postulated the production of carbon-14 and tritium by cosmic 
ray interaction with constituents of the upper atmosphere, and the search 
for tritium in nature, which had been pursued in the 1930’s, was resumed. 
Natural tritium was finally detected in water by von Grosse, Johnston, 
Wolfgang, and Libby (4) and in atmospheric hydrogen by Faltings and Har- 
teck (3). 

Kaufman and Libby (5) and von Buttlar and Libby (2) have subsequently 
measured the tritium content of a number of natural water samples. They 
report Chicago rain-water to have an average T/H ratio of 7.8 K 107-!8 
during 1953, and find five sea-water samples to range from 0.19 to 1.6 & 107-!8 
T/H. 

Using the same general method as Libby and co-workers, i.e. electrolytic 
concentration and gas counting, we have measured the tritium content of 
Ottawa rain-water over the course of several years and have investigated a 
number of sea-water samples. 

1Manuscript received November 14, 1955. 
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EXPERIMENTAL 
(a) Isotopic Concentration 


It is necessary to concentrate the tritium in natural water by at least 
1000-fold to permit measurement of its radioactivity by conventional counting 
techniques. The electrolytic process for hydrogen isotope separation is the 
most attractive for this purpose. The T/H separation factor of ~14 gives a 
40% recovery of tritium on simple electrolysis of a sample to 1/10,000 of its 
original volume. Initially, expecting a T/H ratio of about 10~—'* or 7.3 disinte- 
grations per minute per liter of water, it was felt that samples of at least one 
liter were necessary. It was found practical to electrolyze 1 liter down to 50 
mgm. in a series of four cells of decreasing size. 

These cells are illustrated in Fig. 1. Each cell consists of a glass vessel 
suitably shaped to maintain a high liquid level around a nickel anode and iron 
cathode. Foaming and capillary action between the electrodes in the smaller 
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CAPACITY :— 1000 mi 140mi 1Omi imi 
Max Current:- 25 omps 10 amps 0-86 amps 0-18 amps 
Max Electro! 

trate — 7.5 m/e 3mi /v 0-26 mi/te 0-084mi/ne 


Fic. 1. Electrolysis cells. 


cells permit electrolysis at a reasonable rate to a small volume. An initial 
electrolyte concentration of at least 1% (w/w) potassium hydroxide was 
found necessary to prevent corrosion of the anode. This limits volume reduction 
per stage to 10-20 fold, at which point the water is distilled into the next 
smallest cell, fresh potassium hydroxide added, and the electrolysis continued. 
Cells are cooled with running water to minimize evaporation losses and 
improve the separation factor, and current density is limited to 0.5 amp./in.? 
to prevent local overheating at the electrodes. 

Following the suggestion of Kaufman and Libby (5), we have used the 
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natural deuterium in all water samples as a convenient tracer for tritium 
during the electrolytic concentration. It may be readily shown that 


t/ty = (d/dy)*/8 


where do, d, to, ¢ denote the initial and final number of moles of deuterium and 
tritium, and a and 8 the separation factors of deuterium and tritium, respec- 
tively, from protium. Thus, a measurement of the molar recovery of deuterium 
can be used to calculate the recovery of tritium, knowing the ratio a/8. 
While a and 8 are very dependent on experimental conditions they are likely 
to vary in a similar manner, hence the ratio a/8 will be much less variable. 
In fact, Kaufman and Libby have shown a/§ to be relatively constant over 
wide variations of a. Its value is close to 0.5 and it is sufficient for our purpose 
to replace the exponential a/8 with a square root. 

Deuterium analysis of the final concentrate requires only a few milligrams 
using an infrared spectrometric method developed by Stevens and Thurston 
(7). 

(b) Reduction to Hydrogen 

The remainder of the final concentrate is prepared for counting by con- 
version to hydrogen with zinc at 375°C. This reduction is rapid and complete, 
avoiding any isotopic fractionation and minimizing cross-contamination 
between successive samples. The hydrogen is then passed through a liquid 
nitrogen trap and introduced into a Geiger counter with 6 cm. argon and 
5 cm. ethylene. 


(c) Counting 

Samples have been measured in a copper counter, 43 in. in length, 1% in. in 
diameter with a counting volume of 60 ml. defined by polystyrene shields 
around the central wire extending ? in. from each copper end plate. Cosmic 
ray shielding is provided by an annular anticoincidence counter but no further 
effort has been made to reduce the background below the 3.8 c.p.m. obtained 
in a 2 in. lead castle. 

Good counter plateaus (~2%/100 v. slope over 300 v.) are obtainable 
using 6 cm. argon, 5 cm. ethylene, and 0-70 cm. hydrogen provided an elec- 
tronic quench unit is used in addition to the internal quench gas. The quench 
unit applies a deadtime of 1200 usec. to the counter to eliminate double pulses 
caused by photoemission on arrival of the positive ions at the cathode. The 
deadtime requirement is dependent on the counter diameter. In the 1 in. 
counter used in this work the majority of the double pulses occur within a 
period of 250 usec., but the longer deadtime gives further improvement at 
high hydrogen pressures and is no disadvantage at slow counting rates. A 5% 
drop in counting efficiency, as indicated by an external y source or a standard- 
ized tritium sample, occurs during the first 10 hr. of operation. The counter 
then becomes stable for an indefinite period and all counting is standardized 
at this lowered counting efficiency. This drop in efficiency is characteristic 
of the argon-ethylene mixture in our counting system and is not sensitive to 
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the amount of hydrogen present. All counting has been done to +1% statistical 
error. 

The high hydrogen pressure feasible using the electronic quench unit has 
allowed the use of a relatively small counter with which a low background is 
obtainable without extensive effort. An alternative possibility is the elimina- 
tion of the final stage of concentration and counting in a large volume counter. 


RESULTS AND DISCUSSION 
(a) Ottawa Rain and Snow, 1951-1953 
The tritium concentrations found in rain and snow samples collected at 
Ottawa from 1951 to 1954 are presented in Table I. The two samples for 1951 
were actually collected at Centre Lake, Petawawa, 100 miles west of Ottawa. 
All values are corrected for decay back to time of collection of sample. 











TABLE I 
TRITIUM CONCENTRATION OF OTTAWA RAIN AND SNOW, 1951-1953 
Sample No. Collection date and details T/H X 10'8 
80 Jan.—Feb., 1951* ; 23.8 
Composite snow sample 
74 March 8, 1951* 39.4 
Surface snow sample 

52 Nov. 12, 1952 21.1 
66 Aug. 5, 1953 9.4 
65 Aug. 23, 1953 28.1 
58 Aug. 24, 1953 28.1 
59 Sept. 1, 1953 : 17.1 
60 Sept. 16, 1953 36 

61 Sept. 21, 1953 38.0 
62 Sept. 27, 1953 23.6 
63 Oct. 5, 1953 a..2 
64 Oct. 14, 1953 19.1 
67 Oct. 27-28, 1953 37.8 
69 Nov. 11, 1953 42.0 
75 Dec. 21, 1953 22.6 
Average tritium concentration for 1953 26:6 





*Collected from the surface of Centre Lake, Petawawa, 100 miles west of Ottawa. 


There is seen to be considerable variation from sample to sample, but there 
is no evident correlation with time. The average, unweighted for relative 
rainfall, of results for the latter half of 1953 is 26.6 & 10-18 and all values, 
with the exception of one at 9.4 XK 10~'§ T/H, lie within the range 17-42 «107! 
T/H. This is about twice the average found by Libby and co-workers for 
Chicago rain-water of the same period. This may be explained by the fact that 
most Ottawa rain-water is passed on from the Chicago area and has probably 
had at least double the exposure to atmospheric tritium since leaving the 
common oceanic source, namely the Gulf of Mexico. 


(b) Ottawa Rain and Snow, 1954 


Tritium values for Ottawa rain-water for 1954, presented in Table II, 
show marked effects of the thermonuclear tests in the Pacific in the spring of 
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TABLE II 
TRITIUM CONCENTRATION OF OTTAWA RAIN AND SNOW, 1954 
Sample No. Collection date T/H X 10' 

78 Jan. 13-15, 1954 27.6 
418 Mar. 10 2937 
419 Mar. 12-14 2118 
422 Mar. 25-26 556 
427 Apr. 10-11 1287 
430 Apr. 20-21 611 
435 May 8-9 648 
437 May 17 1743 
438 May 28-29 855 
442 June 10 370 
452 July 12 230 
460 Aug. 10 159 
469 Sept. 10-13 74.4 
480 Oct. 9-11 32.1 
490 Nov. 13 43.4 
499 Dec. 10-12 28.1 
513 Jan. 17, 1955 22.3 
519 Feb. 15 36.6 
527 Mar. 3-4 41.3 
Average tritium concentration for 1954 260 





that year. Fig. 2 is a plot of these results on a semilogarithmic scale and includes 
results reported by von Buttlar and Libby (2) for comparison. The tritium 
concentration is seen to rise in an irregular manner up to 100 times the normal 














4000). © OTTAWA RAIN 
3000 X OTTAWA RAIN MINUS COSMIC TRITIUM 
+ CHICAGO RAIN (v. BUTTLAR & LIBBY) 
2000 |. 
1000 
600} 
600)- ®@ 
| 
e ‘ 
=x BOL 
= 
> 200, 
100) 
eo. 
60). 
40, 
so, 
en 
20). 
10 L A l i iL fo . 
1 15 at @ Ss 4 
JAN Fee MAR apr may JUNE JULY AUG SEPT ocr NOV OEC JAN Fes mar 


level during the months of March, April, and May, then gradually falls back 
to normal during the summer months, demonstrating a half time for washout 
of approximately 35 days. The earliest sample collected in March indicates 


Fic. 2. Tritium content of rain, 1954-55. 
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that the transport time from the western Pacific to Ottawa was something 
less than 10 days in this particular case. The lack of major fluctuations after 
the month of May indicates that the tritium was fairly uniformly distributed 
by June. This is consistent with meteorological estimates of time required 
for complete N.—S., E.-W. mixing. The fact that the tritium content of rainfall 
returned to much the same level as it had been previously indicates that the 
continued feed-in of artificially produced tritium from the oceans, and perhaps 
from the stratosphere, is small compared to the rate of production by cosmic 
processes. 

From Fig. 2 we may estimate that the average tritium concentration of 
the year’s rain was 260 X 10-'§ T/H, approximately 10 times that of the 
previous year. At no time was the tritium in Ottawa rain a health hazard, the 
highest samples analyzed being 1/25,000 of tolerance level. 


(c) Surface Sea-water, Late 1954 


Table III presents results for surface sea-water samples collected in the 
Arctic, Pacific, Caribbean, and Atlantic during the latter half of 1954 and early 











TABLE III ; 
TRITIUM CONCENTRATION OF SURFACE SEA-WATER, LATE 1954 
Sample ; Date Water 
No. collected Locale temp.,°F. T/H X 10% 
Sl Aug. 1, 1954 Arctic, 74°N. 91°W. 4.19 
S4 Sept. 18, 1954 Arctic, Beaufort Sea 2.98 
S2 Oct. 28, 1954 Pacific, west of Mexico . 3.58 
S3 Nov. 14, 1954 Atlantic, 19°30’N. 64°W. 2.97 
S7 Feb. 9, 1955 Atlantic, 50°N. 31°W. 54 3.54 
S6 Feb. 10, 1955 Atlantic, 47°N. 47°W. 40 3.60 





1955. All results from this widespread series of samples lie in the range 3-4 X 
10-'* T/H, up a factor of 10 over most of von Buttlar and Libby’s 1953 sea- 
water analyses. If the results for the Ottawa area are taken as representative 
for the whole northern hemisphere, then the artificially produced tritium 
deposited on the oceans corresponds to that contained in 1 meter of rain with 
a T/H ratio of 230 X 10-!8. In the oceans, this would be diluted to a T/H 
ratio of 3 X 10-'8 by mixing to 70 meters. A slightly greater depth of mixing 
would be required to accommodate runoff from the land areas. Such a depth 
is consistent with the approximate known limit for rapid mixing of sea- 
water. 


(d) Subsurface Sea-water, 1955 


In an attempt to observe the limit of rapid mixing by tritium analysis, 
subsurface sea-water samples were taken at two stations, 3-4 miles apart, 
on the continental shelf about 50 miles southeast of Halifax. At each station 
the water consisted of two layers of appreciably different temperature and 
samples were obtained from the bottom, top, and intermediate waters. The 
rather unexpected results presented in Table IV were obtained. Careful 
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TABLE IV 


TRITIUM CONCENTRATION OF SUBSURFACE SEA-WATER AT TWO STATIONS, 1955 
All samples collected on May 11, 1955 








Sample No. Water temp., °F. Depth, ft. T/H X 108 





Station A: 44°17.3'N., 63°15.4’W.; bottom depth 522 ft. 











S13 37 0 10.8 

$12 35 261 9.21 

Sll 46 512 4.56 
Station B: 44°18.9’N., 63°09.3’W.; bottom depth 600 ft. 

S10 37 0 5.40 

S9 35 300 16.3 

S8 46 590 32.4 





review of the electrolytic and counting history of these and concurrent samples 
gives assurance of the validity of the results. Considerable differentiation is 
observed between samples from the various layers, but not in a manner 
consistent with the sole feed-in of tritium at the surface. The results suggest 
that tritium is being fed in at the bottom at Station B, is dispersing towards 
the surface, but is displaced towards Station A once it crosses the interface 
between the two layers. This is consistent with the southwesterly movement of 
surface water in this area. The locale of tritium feed-in at the bottom does 
not extend to Station A, just a few miles away, and there must be relatively 
little movement from B towards A on the bottom. 

The observation of these high results casts some suspicion on the explanation 
offered for the level of tritium found in the earlier surface samples. However, 
the consistency of these results argues in favor of their being the result of a 
uniform deposition of a large amount of abnormal tritium. 
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SOME CUMULATIVE YIELDS OF ISOTOPES FORMED IN THE 
THERMAL NEUTRON FISSION OF Pu*?! 


By D. M. Wigs,” J. A. PETrusKA,? AND R. H. TOMLINSON 


ABSTRACT 


The relative yields of the isotopes of cesium, cerium, neodymium, and samar- 
ium produced by the thermal neutron fission of Pu®*® have been determined with 
a mass spectrometer. Preliminary values of the absolute yields of 16 isotopes 
of these elements together with four yields of the xenon isotopes have been 
assigned by means of isotope dilution techniques. 


INTRODUCTION 


The numerous papers reporting radiochemically determined yields of 
isotopes formed in the thermal neutron fission of Pu?*® have been summarized 
by Steinberg and Freedman (10). Whereas the various values fix the general 
asymmetric nature of the yield—mass curve, the nature of the fine structure 
cannot be interpreted from the reported data. Accurate yield data have been 
reported for the thermal neutron fission of U?** (3, 9), and it is therefore of 
particular interest to obtain accurate fission yield data for other fissionable 
isotopes, such as Pu®*®, in order that variations in the yields may be correlated 
with the nuclear properties of the fissionable isotopes and their products. 

The present work reports the relative yields for three isotopes of cesium, 
three isotopes of cerium, six isotopes of neodymium, and five isotopes of 
samarium. By means of isotope dilution the number of atoms of each isotope 
of cesium and neodymium has been determined in a solution of plutonium 
fission products. From the relative amounts of these fission products, together 
with some interpolated relative yields, it was possible to normalize the total 
to 100% and therefore obtain absolute fission yields. 


EXPERIMENTAL 


A sample of plutonium dioxide (96.1% Pu?**) weighing 6 mgm. was sealed in 
quartz and irradiated for 305 hr. with a flux of 2 X 10'* thermal neutrons per 
cm.” per sec. in the NRX (Chalk River) Reactor. About 14 months after 
irradiation the PuOs along with most of the fission products was transferred 
from the quartz capsule into a platinum crucible. The quartz was rinsed with 
HF so that some of the recoil fission products embedded in the quartz could be 
obtained. After several successive rinsings with HF and HCl about 80% of 
the beta and gamma radioactivity was transferred to the platinum crucible. 
The PuO, was converted to the fluoride by evaporation to dryness with HF, 
dissolved in HCl, and transferred to a polyethylene container. Aliquots of 
this stock solution were used for mass spectrometric analysis and isotope 
dilution. For some mass spectrometric analyses the plutonium was separated 

1 Manuscript received November 16, 1956. 
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from the fission products by precipitation with hydrogen peroxide, but it was 
found that the mass spectra of the fission products could be obtained in the 
presence of the plutonium, and therefore no separation was used for the second 
isotope dilution analysis. The details of the isotope dilution and mass spectro- 
metric techniques used for the analysis of fission products have been discussed 
in previous papers (8, 9). 


RESULTS AND DISCUSSION 


The observed mass spectrometric data, together with corrections converting 
the ratios to relative fission yields, are shown in Tables I to IV for the elements 
cesium, cerium, neodymium, and samarium respectively. Isotope dilution 
data for cesium and neodymium are also shown in Tables I and III. The 
evaluated numbers of atoms of Cs!** and Nd!4* per gram of fission product 
solution, which is shown with the isotope dilution data, give the normalization 
of the cesium to the neodymium yields which are shown in Table V. The 
relative yields of masses 140 and 142 given in Table V are obtained from the 
cerium isotope ratios given in Table II normalized to those of neodymium 
by means of the 144 mass chain whose yield has been determined with both 
elements. The relative yields of the samarium isotopes given in Table IV are 
shown in Table V normalized to those of neodymium in such a manner as to 
give a smooth curve when the yields are plotted against mass. The xenon 


TABLE I 


THE RATIOS OF THE CESIUM ISOTOPES OCCURRING IN THE THERMAL NEUTRON FISSION OF Pu?9 
TOGETHER WITH ISOTOPE DILUTION DATA 


























Isotope Mass spectrometric ratio Relative fission yield 
Cs188 1.00 1.00 
Cs185 0.216+0.001 1.05+0.15* 
Cs}87 0.962+0.005 0.994+0.005f 
Ratios after isotope dilution with Cs! 
I Il Atoms of fission 
1 
1.127 X 10 atoms Cs 0.857 X 105 atoms Cs" Gs aa 
Isotope added/gm. of fission added/gm. of fission - 
product soln. product soln. I II 
Cs88 2.289 1.992 
Cs35 0.216+0.002 0.216+0.002 8.75 8.64 
Cs}37 0.962+0.006 0.962+0.005 Av. 8.70+0.06 





*Corrected for 3.6 X 10* barn neutron absorption cross section of Xe! (8). 
t Corrected for 26.6 year half-life of Cs? (13). 











TABLE II 
RELATIVE YIELDS OF THE CERIUM ISOTOPES PRODUCED IN THE THERMAL NEUTRON FISSION OF 
Pu239 
Isotope Mass spectrometric ratio Relative fission yield 
Cel40 1.00 1.00 
Cel? 0.90 +0.01 0.90+0.01 
Cel 0.252+0.005 0.69+0.02* 





*Corrected for 282 day half-life of Ce. 
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yields shown in Table V are the mass spectrometric values given by Fleming 
and Thode (1) normalized to the cesium isotopes by means of the factor 
0.925+0.010 given by these authors for the ratio Xe!**/Xe!*4, The relative 


TABLE III 


THE RELATIVE YIELDS OF THE NEODYMIUM ISOTOPES OCCURRING IN THE THERMAL NEUTRON 
FISSION OF Pu®*® TOGETHER WITH ISOTOPE DILUTION DATA 











Isotope Mass spectrometric ratio Relative fission yield 
Nd 1.00 1.00* 

Nd™ 0.558+0.005 0.836 +0.006*f 
Nd' 0.681+0.005 0.681+0.005 
Nd'46 0.561+0.005 0.561+0.005 
Nd'48 0.379+0.002 0.379+0.002 
Nd 0.219+0.002 0.219+0.002 








Ratios after isotope dilution 











I II Atoms of fission 
z Nd'/gm. of 
Isotope No. of atoms No. of atoms fission product 
added/gm. of Mass added/gm. of Mass soln. (10%) 
fission product spectrometric fission product spectrometric = =—— —————— 
soln.f (X10) ratio soln.t (104) ratio I II 
Ndi? 0.8559 0.596+0.005 1.794 0.968+0.005 1.051 1.046 
Nd 0.3850 1.000 0.8070 1.000 Av. 1.048+0.003 





*Corrected for 334 barn neutron absorption cross section of Nd‘ (11). 
{Corrected for 282 day half-life of Ce'** 
tAssuming 27.12% Nd and 12. 19% Nd"* in natural neodymium (5). 


TABLE IV 


THE RELATIVE YIELDS OF THE SAMARIUM ISOTOPES PRODUCED IN THE THERMAL NEUTRON 
FISSION OF Pu®® 











Isotope Mass spectrometric ratio Relative fission yield 
Sm? 3 a 009 2.7 = +0.04* 
Sm1!49 1.7 

Sm¥0 0: 790-40. 009 

Sm 0.9320 .009 1.09 £0.02t 
Sm' 1.036+0.009 0.881+0.027 
Sm™ 0.3930 .009 0.3930 .009 





*Corrected for 2.52 year half-life of Pm'*" (6). 
t Corrected for 15,000 barn cross section of Sm**' (6). 


yields shown in Table V that were not obtained directly in this work have been 
interpolated from a plot of yield versus mass. The absolute fission yields were 
obtained by normalizing these relative yields to total 100%. 

The accuracy of the relative yields shown in Tables I to IV is probably 
well represented by the precisions given, although the presence of natural 
cerium in the fission product solution could have increased the reported 
relative yield of Ce!*° without being detected by the methods used. The com- 
plete absence of both natural neodymium and samarium, which could be 
detected by their isotupes which do not occur in fission, seems to indicate that 
contamination of the cerium is unlikely. 
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TABLE V 


THE RELATIVE AND ABSOLUTE YIELDS OF SOME ISOTOPES FORMED IN THE THERMAL NEUTRON 
FISSION OF Pu?39 











Isotope Relative Absolute Isotope Relative Absolute 
yield yield, yield yield, 
0 % 
118-130* 0.900 5.38 Nd¥8 1.00 5.98 
Xe! 0.453 2.71 Nd™, Cel 0.836 5.00 
Xel# 0.632 3.79 Nd" 0.681 4.07 
Xels, C5138 0.830 4.97 Ndi46 0.561 3.36 
Xel™ 0.898 5.37 Sm"? 0.470 2.81 
Css 0.872 5.22 _Nd¥8 0.379 2.27 
Xess 0.797 4.77 Sm"? 0.302 1.81 
Cs387 0.825 4.94 Nd¥° 0.219 1.31 
138* 0.900 5.38 Sm"! 0.184 1.10 
139* 1.110 6.61 Sm™ 0.148 0.88 
Celo 1.230 7.36 153* 0.107 0.64 
141* 1.160 6.94 Sm"™ 0.066 0.40 
Cel? 1.107 6.62 155* 0.050 0.30 
Totals: This work 74.74% 
Assumed 25.25% 











*Assumed yields. 


The relation of the xenon yields to those of the cesium isotopes, as well as the 
relation of the cerium and samarium isotope yields to those of neodymium, 
is probably accurate to within 1-2%. The accuracy of the absolute fission 
yields given in Table V is therefore largely dependent on the isotope dilution 
of the cesium and neodymium and to a lesser extent on the assumed yields of 
mass chains whose yields were not determined in this work. The reproducibility 
of the duplicated (and independent) isotope dilutions carried out for both the 
cesium and neodymium establishes the relative amounts of each of the isotopes 
of these elements in the stock solution analyzed. There is, however, some 
question as to whether this stock solution is representative of plutonium 
fission products or whether some fractionation of the fission product elements 
may have occurred. Since only about 80% of the fission product radioactivity 
was recovered from the quartz irradiation capsule, there may have been some 
preferential loss of fission products. Attempts to recover all the fission products 
by dissolution of the capsule were not carried out because of possible con- 
tamination which might be present in the quartz. Earlier work had shown 
that plutonium alloys, which could be dissolved without such losses, introduced 
large amounts of natural isotope contamination. The irradiation of plutonium 
dioxide in quartz was therefore specifically adopted in this work in order to 
minimize such contamination. Although there is no obvious reason why frac- 
tionation of the cesium and neodymium would occur with these conditions, 
further experiments must be carried out in order to establish this point. 

The absolute yields given in Table V together with the radiochemically 
determined yields summarized by Steinberg and Freedman (10) are plotted in 
Fig. 1. A direct comparison of the two sets of data is difficult in view of the 
fact that the radiochemical yields only total 93% and the individual values 
have been considerably altered by the reviewers. Since many of the radio- 
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chemical yields were obtained by independent determinations it is not possible 
to renormalize them as a single group. It is therefore possible that most of the 
missing 7% of the radiochemical yields may be added in the region of mass 140, 
in which case, the two sets of data would appear more consistent. In this 
connection it is worth noting that the radiochemical yields which were deter- 
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mined during this same period for the thermal neutron fission of U2*> (10) 
failed to recognize the now well established fine structure in the region of mass 
134. 

In Fig. 2 the absolute yields for the thermal neutron fission of Pu?*® are 
plotted along with the corresponding yields obtained from the fission of U2® 
(9). It is apparent that the fine structure which is so prominent in the fission of 
U*8* is considerably depressed in the fission of Pu?**. The presence of fine 
structure in the U**> yield—mass curve has been explained in terms of a struc- 
tural preference in the primary fission act for nuclides with the 82 neutron 
configuration (3, 4, 12), as well as various chain branching mechanisms which 
occur after fission (2, 7, 9). The fine structure of the Pu?*® yield—mass curve 
may be qualitatively explained by these same effects. 

It is important to note that the present work reports accurate relative 
yields of the isotopes of cesium, neodymium, samarium, and, to a somewhat 
lesser degree, those of cerium. The accuracy of the absolute yields can only be 
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established after further experiments have determined whether fractionation 
has occurred in the isotope dilution analysis of cesium and neodymium. 
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THE RATIO OF XENON TO KRYPTON IN U** FISSION! 


By A. T. BLApEs,? W. H. FLEMING, AND H. G. THODE 


ABSTRACT 


The ratio of the yield of Kr®* to the yield of Xe in U** fission is 0.257 +.005 
determined by isotope dilution techniques. The corresponding yield ratio of total 
xenon to total krypton in the thermal neutron fission of U?* is 5.52+.10. 


INTRODUCTION 


An accurate value for the ratio of the quantities of xenon and krypton 
produced in fission is of considerable interest. Such a knowledge of relative 
yields in two widely separated mass regions can provide a check on independ- 
ent absolute fission yield measurements in the light and heavy regions of 
the mass yield curve. 

The relative amounts of the stable and long-lived isotopes of krypton and 
xenon produced in the neutron fission of U*** have been determined in two 
different ways. Thode and Graham (5), using a mass spectrometer calibrated 
with standard mixtures of xenon and krypton, obtained a value of 6.2 for the 
ratio of xenon to krypton in fission. Arrol, Chackett, and Epstein (1) obtained 
a value of 5.05 for the same ratio by separating the xenon and krypton and 
measuring their individual volumes. This later value has been considered to be 
the most reliable and the ratio of xenon to krypton from U?* fission has been 
taken as 5.05. 

However, over the past few years the mass spectrometer measurements 
have been repeated on several occasions and the resulting value for the ratio 
of xenon to krypton in U** fission has always been considerably higher than 
the 5.05 value obtained by Arrol, Chackett, and Epstein. For this reason, it 
was decided to carry out a measurement of the relative quantities of xenon 
and krypton arising in fission using isotope dilution techniques to eliminate 
possible errors introduced by mass spectrometer calibrations. 

The actual ratio of xenon to krypton in a given uranium sample is a function 
of the past history of the sample. The relative amount of Xe!** in the sample 
will depend on the conditions under which the sample was irradiated because 
of the large neutron capture cross section of Xe!*5. In addition, the amount of 
10.27-year Kr*® present in the sample will, of course, depend on the age of the 
material. The remaining xenon and krypton isotopes have half-lives sufficiently 
short that they are normally not encountered in yield studies dealing with 
stable end products of the decay chains. 

Because of the dependence of the total xenon to total krypton ratio on the 
above factors, it was more convenient in the present work to measure the 
relative yields of the two isotopes Kr** and Xe!*4 which are not affected by 

1Manuscript received November 16, 19565. 
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neutron capture processes and the time factor. The ratio of xenon to krypton 
(totals) is then calculated from the isotope abundances of fission product 
xenon and fission product krypton reported previously for thermal neutron 
fission of U**> (6). In this later work neutron capture processes and decay 
factors were taken into account. 


EXPERIMENTAL 


The determination of the amount of a given element in a particular sample 
by isotope dilution is carried out in the following manner. There is added to 
the sample a “spike’’ consisting of a known amount of the element to be 
determined but having isotopic composition differing from that in the sample. 
Separation and purification of the desired element from the sample plus spike 
is now carried out. From a mass spectrometric analysis of this purified material 
(sample plus spike) the amount of the element present in the original sample 
can be calculated if the isotopic constitutions of the sample and spike taken 
separately are known. 

Since all chemical yields up to the point at which the spike is added must 
be 100%, it is important to add the spike as early as possible in the extraction 
procedure. Furthermore, complete mixing of the sample and the spike must be 
assured if accurate results are to be obtained. If these conditions are fulfilled, 
attainment of 100% yield in subsequent handling is not required. 

Xenon and krypton of normal isotopic constitution provide suitable spiking 
material for the determination of fission product xenon and krypton because 
the isotopic abundance of the fission product material is radically different 
from that of the normal material (see Table I). 

In order to ensure complete release of the fission product gases from the 
irradiated uranium metal and thorough admixing of the spike, the following 
procedure was adopted. The spike consisted of approximately 10-§ mole of a 
mixture of 16.8% krypton and 83.2% xenon prepared by Linde Air Products 
Company. This was added to about 100 cc. of chlorine gas in a sealed glass 
and quartz system containing the 0.4 gm. sample of irradiated uranium. 
The portion of the system containing the uranium metal was heated to 1100°C. 
for 12 to 24 hr. Under these conditions the uranium reacts completely with 
the chlorine and, since the chlorides formed are volatile, they distill out of the 
heated section of the apparatus. This procedure should result in a complete 
release of the fission gases and efficient mixing with the spike. The excess 
chlorine and any other gaseous impurities were removed by purification in a 
calcium furnace. The samples were then analyzed on a conventional 180° 
mass spectrometer. 


RESULTS AND DISCUSSION 


A sample of uranium metal irradiated in the NRX reactor was divided into 
several pieces of approximately 0.4 gm. each. The isotope dilution method 
described above was used to determine the amounts of xenon and krypton per 
gram of uranium in six of these pieces. 

The isotopic composition of the normal xenon and krypton spike material is 
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given in Table I, Column 2. The fission product xenon and krypton isotope 
abundance data determined on a separate piece of the irradiated uranium to 
which no spike was added are given in Table I, Column 3. 


TABLE I 
XENON AND KRYPTON ISOTOPE ABUNDANCE DATA 








Atom % abundance 








Isotope 
Spike mixture Fission product 

(normal Xeand Kr) — sample* 
Kr78 0.336 — 
Kr®° 2.242 — 
Kr® 11.34 — 
Kr 11.31 15.23 
Kr* 57.44 28. 40 
Kr°6 17.53 56.37 
Xe 0.0910 —_ 
Xe2s6 0.0855 — 
Xe 1.84 ats 
Xe!9 26.26 — 
Xelso 4.03 — 
Xe! 21.29 12.07 
Xel# 27.14 18.01 
Xe 10.43 33.12 
Xels6 8.86 36. 80T 





* Abundance of stable fission product isotopes only. 
{ Not corrected for neutron capture. 


The isotope dilution data are summarized in Table II. The precision of each 
individual determination depends only on the precision of the mass spectro- 
meter measurement which was in general less than +0.2%. A better measure 
of the accuracy of the results is the standard deviations of the averages of the 
six determinations which are about two per cent (see Table II). The fact that 
the quantities of xenon and krypton per gram of uranium determined for the 
six samples agree well with each other indicates that both the extraction and 


TABLE II 
ISOTOPE DILUTION RESULTS 








Mass spectrometer ratios 
Sample Weight Spike size Xel4/gm.U Kr86/gm.U  Kr86/Xels4 
No. (gm.) (107° moles) Xe?9/Xe!* Kr86/Kr& (107! moles) (10~!° moles) 








1 0.5856 161.9 0.784 1.553 51.2 13.5 0.264 
2 0.3679 161.7 1.037 1.861 52.6 13.7 0.261 
3 0.3856 161.5 0.987 1.808 54.5 14.1 0.259 
4 0.4277 79.2 i 1.297 54.4 13.7 0.252 
5 0.4112 79.0 - 1.315 55.2 13.8 0.250 
6 0.4098 162.8 0.986 1.814 51.7 13.2 0.255 


Average 53.341.5 13.74.3 0.2574.005 





*The isotope dilution measurement was used to determine the amount of Xe'!/gm. for samples 
4,and 5. The quantity of Xe'4/gm. is calculated from this result and the relative fission product 
abundance of Xe and Xe™ given in Table I. 
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the mixing of the fission product and spike gases were highly efficient. Actually 
variations of a few per cent in fission gas content in the different pieces cut 
from the one uranium sample might be expected because of neutron flux 
variation in the sample due to self-shielding effects. 

The isotope abundances of fission product xenon and krypton reported by 
Wanless and Thode (6) for samples irradiated in the thermal column (low 
neutron flux) of the NRX reactor (see Table III) have been corrected for decay 


TABLE III 


FIsSION PRODUCT XENON AND KRYPTON ISOTOPE 
ABUNDANCE FOR URANIUM IRRADIATED IN THERMAL 
COLUMN, NRX* 











Atom % Absolute fission 
Isotope abundance yield (%) 
Kr8 14.10 0.557 
Kr 25.93 1.02 
Kr® (10.27 yr.) 7.59 0.300 
Kr86 52.38 2.07 
Xe! 13.42 2.93 
Xe!# 20.08 4.38 
Xe™ 36.91 8.06 
Xess 29.59 6.46 





* Fission product isotope abundance from Ref. 6. 


of the 10.27-year Kr** and also for neutron capture by Xe'**. Using these 
data and the Kr** to Xe! ratio of 0.257 from Table II, the calculated ratio for 
xenon to krypton in thermal neutron fission of U?*® is 5.52+.10. This ratio 
includes Kr®*, Kr®4, 10.27-year Kr®5, Kr®*, Xe13!, Xe!8?, Xel84, and Xe!%6 
where the Kr** has been corrected for decay and Xe'** for neutron capture in 
Xe!*. As stated in the introduction, the actual value of this ratio in a particular 
sample will depend on the irradiation conditions and decay time of the 
sample. 

The ratio for total xenon to krypton of 5.52 determined in this work is 
considerably higher than the value 5.05 reported by Arrol, Chackett, and 
Epstein (1). The discrepancy is actually greater than the above figures indicate 
since the results reported by the latter workers were not corrected for neutron 
capture in Xe!*®, This correction, however, would not be large since the amount 
of capture in the samples was found to be only 5% of the 136 yield (samples 
J and K in Ref. 6). 

Finally, the absolute yields of the xenon and krypton isotopes given in 
Table III, Column 3, are obtained by using the xenon and krypton isotope 
abundances in Column 2, the ratio of Xe!*4 to Kr®* from Table II, and an 
absolute value of 2.93% for Xe!*! yield. This yield value is based on an absolute 
yield determination of Xe'** by Katcoff and Rubinson (3) and of Cs!*3 by 
Petruska, Thode, and Tomlinson (4), the two values being 6.62 and 6.59% 
respectively. A recent determination of the ratio of Xe'*! to Xe!** by Fleming 
(2) was also used. 
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PILE NEUTRON CAPTURE CROSS SECTION OF 33 HR. Ce! 


By L. P. Roy? anp L. YAFFE 


ABSTRACT 


Ce has been produced by the successive neutron capture reaction Cel 
(n, y)Ce(n, y)Ce. The pile neutron capture cross section of the 33 hr. Ce!’ 
was determined by separating Pr™, the daughter of Ce!*, from the rigorously- 
purified cerium at frequent intervals. The amount of Pr formed increased 
linearly with the square of the neutron flux in a manner consistent with that 
of a successive neutron capture reaction. The value for the pile neutron capture 
cross section of Ce'* was found to be 6.0+0.7 barns. 


A. INTRODUCTION 


Ce!43, a radioactive nuclide with a half-life of 33 hr., is formed as a fission 
product of uranium and also by the reaction Ce!*?(, y)Ce!** in a nuclear 
reactor. A measurement has been made of the pile neutron capture cross 
section using the activation method. The application of this method to the 
case of stable nuclides is well known, e.g. Seren et al. (13). If a sufficient 
quantity of a radioactive substance is available, its pile neutron cross section 
may be measured by the same method, provided only that the radioactivity 
produced in the activation process may be separated or distinguished from 
that of the target. This method has been used extensively to determine the 
cross sections of many transuranic nuclides, e.g. (16), and of certain nuclides 
which can be prepared and separated readily, e.g. (8). 

Unless both the target half-life and the resultant half-life are reasonably 
long, an experiment of this type necessitates proximity to a nuclear reactor. 
If the resultant half-life is long the experiment can be done by a second order 
neutron capture process in which the radioactive target nuclide is continuously 
generated by neutron capture in a sample of a stable element. This successive 
neutron capture method has been used to determine the cross sections of 
many unstable nuclides (1, 2, 3, 7, 9, 11, 15, 17), and higher order neutron 
capture processes have been used to produce many of the new transuranic 
nuclides and to determine some of their cross sections (5, 10, 14). 

In our case the appropriate stable target is Ce? (11.07% of natural cerium) 
and the pertinent nuclear reactions are: 





Ce™2 

(n, y) 

Cel ni ens Pr isle Nd" (stable) 
33 hr. 13.5 day 

(n, y) _ (n, ) 7 (n, y) 

Cel ———— a > Nd! (stable). 
280 day 17.5 min. 


1Manuscript received November 16, 1955. 
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The 17.5 min. Pr'44 daughter of Ce'*¢ (maximum #-energy = 3.0 Mev.) 
is very easily identifiable (6). Examination of reactions which take place with 
the other cerium isotopes shows that only by a second order neutron capture 
process on Ce!#? can Pr! be produced. 

The relatively short half-life of Pr'*¢ enables the determination of the cross 
section of Ce'4? to be made without taking into account the cross section of 
Pr'43, This can be done by measuring the Pr!4‘ in equilibrium with the Ce‘ 
after a suitable decay period. It is much more suitable, from the radiochemical 
standpoint, to discard the first praseodymium fraction separated, since this 
will contain some impurities, to purify the cerium and do repeated parent- 
daughter separations. The relevant differential equations which apply during 
the irradiation are 


I 
ll 


(1] dQ/dt 


[2] dR/dt 


nvP oo - A120 — nvQo1 nvP oo —_ AQ, 


nvQo, — A\2xR — nvRoz = nvQoi — A2R 


where P, Q, and R are the number of atoms of Ce’4?, Ce!4*, and Ce!** respec- 
tively at any time ¢ during the irradiation in a neutron flux nv neutrons/cm.?/ 
sec., and go, 01, 72 and Ai, Ae are cross sections and disintegration constants 
respectively. The subscripts 0, 1, 2 refer to Ce!#?, Ce'4*, and Ce!*4 respectively. 

Assuming P to be constant during the irradiation, and Q and R to be zero 
at the beginning of the irradiation, the integrated equations at the end of 
irradiation time T become: 


nvPoy 


[3] Or = he (1 es "eed 
= (nv)*Pooor ket) __ (nv)’Pooor —\2T oT 
[4] yt) ee 


If the sample of cerium is purified from praseodymium at a later time f,, 
and the praseodymium allowed to accumulate during a subsequent time és, 
then the amount of Pr'*‘ at this time is given by 


[5] Vien Rr pletigg tee = gem 


mee 


Az — Ag 


where V is the number of Pr!*4 atoms and \; is the Pr!“ disintegration constant. 
Rr is obtained from this equation and a; is then determined by substitution 
into equation [4]. 


B. EXPERIMENTAL 


Spectroscopically pure samples of cerium oxide, sealed in small quartz 
ampoules, were irradiated in the NRX nuclear reactor at Chalk River at 
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different neutron fluxes for different times. After irradiation, the cerium oxide 
was removed from the quartz ampoule and dissolved in boiling concentrated 
sulphuric acid to which 2-3 ml. 30% hydrogen peroxide had been added. 
The solution was made up to a known volume with distilled water and an 
aliquot withdrawn. Ten milligrams of lanthanum carrier was added and the 
rare earths precipitated with concentrated ammonia. The precipitate was 
dissolved in concentrated nitric acid, cerium was oxidized to the tetravalent 
state by the addition of solid potassium bromate and precipitated by the 
addition of a 0.35 M solution of potassium iodate. The precipitate was centri- 
fuged, washed twice with a 0.035 M solution of potassium iodate, and dissolved 
in 8 ml. concentrated nitric acid, 0.1 to 0.2 ml. concentrated hydrochloric 
acid, and a few drops of 30% hydrogen peroxide. Cerium was precipitated 
from this solution by cautious addition of 12 M sodium hydroxide, centri- 
fuged, and washed twice with water. The cerous hydroxide was dissolved in 
1 to 2 ml. 6 M hydrochloric acid, sulphur dioxide was bubbled through the 
solution, and the cerium reprecipitated by the addition of ammonia. The 
above cycle was repeated 8 or 10 times in order to obtain a pure fraction of 
cerium, free from praseodymium and other rare earths. The cerium was 
finally converted to the oxalate, filtered, washed with water, ethyl alcohol, 
ether, and vacuum-dried. The precipitate was weighed as Ce2(C2O4)3.10H.O. 

The oxalate was dissolved in 8-10 ml. concentrated nitric acid, 10 mgm. of 
lanthanum or praseodymium carrier was added,* and the 17.5 min. Pr'4 
was allowed to grow from the Ce!*4 until equilibrium was established (a few 
hours). The cerium was oxidized to the tetravalent state by the addition of 
solid potassium bromate and precipitated as the iodate. The solution, con- 
taining the praseodymium, was neutralized with concentrated sodium hydrox- 
ide. The praseodymium precipitate was dissolved in concentrated nitric acid, 
cerium and zirconium carriers added, and an iodate precipitation performed. 
The praseodymium was precipitated as the hydroxide and the cycle repeated 
two or three times until a fraction reasonably free from cerium activities was 
obtained. 

The final hydroxide precipitate was transferred as a slurry to an aluminum 
tray, where it was spread evenly, dried, and the counting-rate determined by 
a Geiger—Miiller counter. The counter was the ‘‘end window”’ type with a 
mica window of mass 2.3 mgm./cm?. The counter had previously been cali- 
brated using a 4r-counter. The time of separation varied from 25 to 35 min. 

The cerium iodate precipitate was again converted to the oxalate, weighed, 
dissolved, lanthanum carrier added, and the solution allowed to stand until 
it was time for another Pr'*4 separation. 


C. RESULTS 


The decay curves of Pr'** were followed for two or three hours, usually 
through a 221.4 mgm./cm.? aluminum absorber which cut out less energetic 


*Both lanthanum and praseodymium carriers were used without any difference being found in the 
values obtained for o1. Pr“ was separated from standard Ce solutions by the use of both lanthanum 
and praseodymium carriers with identical results. Successive precipitations showed that the removal 
of activity was complete in either case. Pr’ was used as a tracer to determine whether there was any 
difference in the amount adsorbed by the ceric iodate scavengers if lanthanum and praseodymium 
carriers were used. Identical results were obtained. 
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radiations from impurities. Activities ranging from 100 to 1500 c.p.m. were 
found with half-lives between 17.0 and 17.5 min. after the subtraction of a 
small long-lived residual background (2 to 10%). Fig. 1 shows a typical 
decay curve. 
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Fic. 1. Decay curve of Pr“, A long-lived background of 35 c.p.m. has been subtracted from 
the original data to obtain this curve. 


The absorption of the Pr! B-radiation in the aluminum absorber was deter- 
mined in an auxiliary experiment using a pure Ce!44Pr!44 source separated 
from fission products and obtained from Atomic Energy of Canada Limited. 
A correction factor of 1.58 was necessitated by use of the absorber. This 
agreed with that determined using the Pr'** extracted from the irradiated 
cerium samples. 

Pr!44 was further identified by its absorption characteristics. Decay curves 
were taken through various aluminum absorbers and the activity in each 
case was extrapolated to zero time, i.e. the time of separation. The resultant 
activities were then combined, as shown in Fig. 2, in an absorption curve 
where the extracted Pr'44 was compared with the fission-produced Pr’. 
The results are identical. Using P®? as a standard the range of the 8-particles 
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of Pr'4* was found to be 1520 mgm./cm.? of aluminum by means of a Feather 
plot. This works out to a maximum energy of 3.05 Mev. for the 8-particles if 
one uses the Coryell—Glendenin (4) range-energy relationship, in good agree- 
ment with spectrometer values (6). 
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Fic. 2. Absorption curve of Pr 8-radiation in aluminum. 
X__Pr'“* obtained from fission products. 
©. Pr" obtained in these irradiations. 


The results are given in Table I. The disintegration rates of Pr'*4 have been 
obtained by correcting the observed counting rates, extrapolated to zero 
time, for chemical recovery, scattering, and absorption of the 6-rays before 
entering the counter, and finally geometrical efficiency of the counter. The 
neutron fluxes quoted are average values obtained in the same or auxiliary 
experiments using cobalt as a flux monitor («Co®® = 36.3 barns). The irradia- 
tion of the samples was interrupted a number of times by reactor shutdowns. 
The amounts of Ce!4* and Ce!** formed have been accurately determined by a 
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TABLE I 


CROSS SECTION OF Ce!43 OBTAINED BY IRRADIATING Ce™ AT DIFFERENT FLUXES 
FOR DIFFERENT TIMES 








Sample No.* Ces Flux 9 Prisé Ces @;Cels3 
(atoms X 1078) cans (sec. X 107%) (dis./sec.) (atoms X 107?°) (barns) 
X10-8 





1-Pr-1 4.3 Be 1.295 738 2.78 6.20 
1-Pr-2 4.9 951 3.61 7.00 
1-Pr-3 6.5 1065 4.60 6.71 
1-Pr-4 2.7 411 1.81 6.30 
1-Pr-5 21.4 3391 15.67 7.00 
1-Pr-6 20.6 3155 14.59 6.73 
1-Pr-7 19.6 3202 14.83 7.20 
1-Pr-8 18.6 2697 12.50 6.40 
1-Pr-9 1 2712 12.57 6.76 
1-Pr-10 16.9 2620 12.16 6.85 
1-Pr-11 16.6 2451 11.39 6.52 
1-Pr-12 15.7 2330 10.83 6.56 
1-Pr-13 15.0 2202 10.25 6.50 
2-Pr-1 12.6 3.8 3.2 1250 5.30 6.30 
2-Pr-2 12.8 1110 4.71 5.54 
2-Pr-3 12.4 1080 4.58 5.55 
2-Pr-4 11.1 1037 4.41 5.95 
2-Pr-5 10.3 901 3.83 5.59 
2-Pr-6 9.7 871 3.71 5.95 
2-Pr-7 13.5 1243 5.37 5.98 
2-Pr-8 13.1 1104 4.77 5.46 
2-Pr-9 12.4 1225 5.30 6.42 
2-Pr-10 11.2 1116 4.83 6.45 
2-Pr-11 10.6 1040 4.51 6.38 
2-Pr-12 19.5 2019 8.75 6.74 
2-Pr-13 19.0 1582 6.87 5.43 
3-Pr-1 36.3 5.8 1.58 4230 17.29 6.10 
3-Pr-2 35.1 3646 14.87 5.66 
3-Pr-3 33.0 3737 15.29 5.92 
3-Pr-4 31.4 3489 14.34 5.86 
3-Pr-5 30.3 3422 14.08 5.97 
3-Pr-6 29.2 3364 13.85 6.06 
4-Pr-1 99.2 0.86 2.29 210 0.84 3.57 
4-Pr-2 93.6 252 1.01 4.56 
4-Pr-3 92.5 237 0.95 4.36 
4-Pr-4 90.0 235 0.94 4.43 
4-Pr-5 86.4 223 0.90 4.40 





*The symbol 1-Pr-4, for example, refers to experiment 1, the 4th repeated extraction of Pr 
from Ce™, 


step-by-step application of equations [3] and [4]. Fig. 3 shows the variation 
of Pr'4 activity/mgm. Ce!*® irradiated as a function of irradiation time 
normalized to one flux value. The linear relationship observed is consistent 
with a successive neutron capture reaction when the irradiation time is long 
compared with the half-life of the first order product and short compared 
with-that of the second order product. (This does not prove the above reaction 
to be second order since, if for example, appreciable uranium impurities were 
present, the Ce'*4 would be formed as a first order product with the above 
time-yield relationship.) Fig. 4 shows the variation of Pr'** activity/mgm. 
Ce!* irradiated as a function of the square of the neutron flux. The linear 
relationship observed is consistent with the fact that we are studying a 
successive neutron capture process. 

The average value of the cross section of 33 hr. Ce!** was found to be 6.0+0.7 
barns, assuming the cross section of Ce!*? to be 0.95 barns (12). Both of these 
values are given relatively to eCo®® = 36.3 barns. The limits shown are the 
standard deviations. The average value was obtained by weighting the value 
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of experiment 4 by the factor 1/3 since this experiment was done at such a low 
neutron flux. 

No experiments were done to determine the epicadmium contribution and 
the result quoted above should be considered as referring to ‘‘pile’’ rather than 
‘‘thermal’’ neutrons. 
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THE MASS SPECTROMETRY OF THE ACTINIDE ELEMENTS! 


By G. R. HALL AND A. J. WALTER 


ABSTRACT 


The problems involved in the mass spectrometry of the actinide elements and, 
in particular, the advantages of using a thermal ionization filament source are 
discussed. The relative behavior of each of the actinide elements from thorium 
to americium using this source is described and the results are considered with 
reference to the Saha equation. 


INTRODUCTION 


Whilst carrying out the isotopic analysis of large numbers of uranium and 
plutonium samples using a ‘“‘solid source’’ mass spectrometer it has been 
interesting to observe the relative behavior of these elements in the ionization 
process. Subsequently a few experiments have been carried out on other 
elements in the series, i.e. thorium, protactinium, neptunium, and americium, 
and our aim in this paper is to discuss the results with special regard to the 
ionization process which occurs. 


CONSIDERATION OF ION SOURCES 


First it is worth while to review the types of source which might be suitable 
for isotopic abundance measurements of the heavy elements when high 
precision and a good sensitivity are required. Normally, unless a double 
focusing mass spectrometer is to be used, a source which will provide an ion beam 
with a small spread in ion energy, i.e. less than a volt, is required. This immedi- 
ately eliminates the gas discharge or hot spark source where large spreads in 
energy occur, although the ions are produced with high efficiency. Taking 
into account also the requirement of a very stable ion beam size, then the only 
suitable source remaining is (1) an electron bombardment source or (2) the 
surface ionization source. 

Substances which are either solid with a high vapor pressure or gas under 
normal conditions may be analyzed using the conventional gas source in which 
the ions are produced by electron bombardment. In the heavy element series, 
uranium hexafluoride (b.p. = 56°C.) has often been used and high precision 
may be attained in measuring the isotopic abundances of the uranium isotopes. 
Relatively large quantities are required, i.e. in excess of 50 mgm., as much 
decomposition and reaction of the dissociated and undissociated particles 
occur at the walls of the mass spectrometer tube. Considerable difficulties can 
also arise from memory effects. If routine analyses are required and gram 
quantities of uranium hexafluoride are available, then this source is of great 
use. No doubt plutonium hexafluoride could also be analyzed in this source 
but the difficulties would be great. Plutonium hexafluoride has been investi- 
gated in some detail (5) and the difficulty in its preparation and especially 

1 Manuscript received November 14, 1956. 
Contribution from the Chemistry Division, Atomic Energy Research Establishment, Harwell, 


England. This paper was presented at the Symposium on Nuclear Chemistry and Radiochemistry 
held at McGill University, Montreal, Que., September 7-9, 1955. 
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the rapid spontaneous decomposition rate, produced by its own alpha part- 
icles, rules out its use in a mass spectrometer source. In addition the use of 
a highly radioactive gas is not attractive, because of the stringent health 
precautions which would be necessary. There are no other suitable plutonium 
compounds which could be used in a gas-type source. It is possible, however, to 
use this source in conjunction with a crucible which volatilizes materials of 
high boiling point into the volume of electron bombardment, or, alternatively, 
to allow the gaseous product to be ionized at a hot metal filament surface. Thus 
several determinations of the isotopic abundances in natural uranium have been 
described using such a source, e.g. Nier (6) used samples of UCI, or UBr,, and 
Palmer (7) has described a source where as little as 1 mgm. of uranium as 
U;03 may be analyzed. No doubt each of the actinide elements may be ana- 
lyzed by this method, but once more the main disadvantage is the relatively 
large size of sample necessary. This is especially so when the material is 
highly radioactive. 

Undoubtedly the most convenient source is the thermal ionization filament 
source which has been described in the literature by numerous workers. 
One of the earliest descriptions of such a source was by Dempster (1) who 
produced positive ions of sodium and calcium from a platinum filament. 
Later Langmuir investigated electron and positive ion emission from hot 
filament surfaces and as a result of his work we have the Langmuir—Kingdon 
modification of the Saha equation [1] which explains the production of positive 
ions in the thermal ionization source: 


[1] (n+/no)a exp e(W — I)/kT 


where n*+/no = ratio of positive ions to neutral particles produced by evapora- 
tion at the filament surface, 
e = electron charge, 
W = work function of the filament surface, 
I = ionization potential of the particles evaporated, 

T = absolute temperature of the filament. 

The equation expresses the chance that a particle evaporating from a meted 
surface will be emitted as a positive ion. It can be seen that a suitable source 
material is one possessing a low ionization potential and that a metal filament 
surface possessing a high work function is necessary. Thus, when W is greater 
than J positive ions are produced with high efficiency. Unfortunately neither 
of these quantities is usually known sufficiently well for the conditions occur- 
ring in a typical mass spectrometer source. 

Although the work function for platinum (6.2 v.) is very high, it is necessary 
to have a filament of higher melting point, especially for the analysis of 
elements of low volatility. Thus tungsten or tantalum is normally used in 
heavy element work. The work function of tungsten (4.5 v. for the pure metal 
surface, im vacuo) varies markedly with the surface conditions. Thus for a 
tungsten surface covered by a monatomic layer of oxygen ions, which can be 
stable up to ~1800°C., a work function as high as 9.2 v. has been reported 
(Langmuir and Kingdon, 1925 (4)). As the heavy element is usually deposited 
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on the filament from nitric acid solution, it is likely that the surface of the 
filament will become attacked and so an accurate estimate of the work function 
is impossible. 

In the actinide series the ionization potentials are only known for uranium 
(~4.5 v., an estimate from spectroscopic work), and for plutonium Dr. 
Dawton at Harwell has recently obtained a value 5.1 v. 

These ionization potentials are similar to the possible values for the tungsten 
surface work function, and hence predictions from the Saha equation of the 
temperature dependence of positive ion production is difficult. If the ionization 
potential is greater than the work function of the filament surface (i.e. J > W), 
then the ionization efficiency becomes very small. By taking advantage of 
the temperature dependence of the Saha equation, however, and operating 
the filament at a high temperature, the efficiency +/n» can be considerably 
increased. Hence a refractory source material is necessary. Unfortunately 
the advantage to be gained by the increased temperature of the filament is 
only at the expense of a greatly increased evaporation rate and rapid loss of 
sample. 

Inghram and Hayden (3) have discussed these difficulties and Inghram 
and Chupka (2) have described a multiple filament source in which the source 
material is evaporated from one filament at a relatively low temperature to 
another filament maintained at a very high temperature. It is thus possible to 
control the sample evaporation rate and yet still to take advantage of the 
temperature dependence of the Saha equation. This hot filament may be 
considered to act as a condenser of the particles received from the sample 
and an almost instantaneous emitter of positively charged ions. The Saha 
equation is therefore also applicable to this filament. The multiple filament 
source can produce a great increase in sensitivity for the analysis of small 
quantities of materials, because it enables a more economic use of the source 
material. 

Thus a disadvantage of the single filament source is that the ions X*, 
XO*, and XO,* are observed and it is not possible to control their formation. 
In the multiple filament source however, the relative abundance of each type 
of ion is readily controlled by the temperature of the center filament. It is 
usually possible to produce mainly X+ ions and to reduce the number 
of XO2+ ions by a large factor. If the largest ion beam is for oxide ions, and 
these are measured, then it is necessary to make a correction for the effect of 
oxygen isotopes, e.g. [Pu?*®O!*O!8]+ ions are produced at mass 273, where 
[Pu?4101!®Q!*]+ ions are expected. Hence it is an advantage to measure the 
X* ion beam, where there is no such correction. 

In our work with the actinide elements a multiple filament source, similar 
to that described by Inghram, has been used. The center filament or ‘‘hot 
filament”’ is of tungsten and is usually maintained at a temperature of 2500°C. 
or greater, corresponding to a tungsten ion beam of 2 X 107! amp. in our 
instrument. It is probable that we are dealing with a pure tungsten surface 
at this temperature and the work function can be expected to approach the 
value 4.5 v. Hence for plutonium we have J > W, and so we expect a better 
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vield of positive Put ions for a very hot filament surface. In accordance with 
these predictions, much larger plutonium ion beams are obtained when a 
multiple filament source is used than when a single filament source is used, 
and the size of the Put ion beam depends directly on the temperature of the 
center filament. 


MASS SPECTROMETER 


All the measurements reported below were made with a 60° sector field mass 
spectrometer with a 6 in. radius analyzing tube. Masses were scanned by 
varying the magnetic field and the ion current was measured using a vibrating 
reed electrometer. 


MEASUREMENTS ON THE ACTINIDE ELEMENTS 


In one series of measurements, a 1 ugm. sample of the actinide element in 
nitric acid solution was mounted on the sample filament. The solution was 
evaporated to dryness by passing a small current through the filament. The 
multiple filament source unit was mounted in the mass spectrometer and the 
temperature of the center filament was raised quite rapidly to 2500°C., and 
then the current through the sample filament was slowly increased. The 
filament currents at which the ions X*+, XOt, and XO.2+ were emitted and the 
variation in beam sizes during the life of the source were noted. After the 
analysis the multiple filament holder was removed and mounted in a bell 
jar which was then evacuated. A current was passed through the filaments 
and their temperatures for the previously recorded filament currents were 
measured using an optical pyrometer. The temperatures have been corrected 
for the emissivity of the tungsten surface. Values for the observed ratios 
X*+/XO+*, when the sample filament temperature was varied from 1000—1850°C.., 
whilst the center filament was maintained at 2500°C., are given in Table I: 


TABLE I 


VALUES FOR THE RATIO X*+/XO*+ WHEN THE TEMPERATURE OF THE CENTER FILAMENT IS 
MAINTAINED AT 2500°C., AND THE SAMPLE FILAMENT TEMPERATURE IS VARIED 











Ratio 1000°C. 1150°C. 1350°C. 1500°C. 1850°C, 
Tht/ThOt ni ni Only ThOt+ Only ThOt+ 0.05 
Pat+/PaOt ni ni 0.5 a 1 
Ut+/UOt 0.2 1 1 1.5 2 
Npt/NpO* ni 1.5 4 + — 
Put/PuOt ni 60 70 50 35 
Amt/AmOt ni ni 60 100 90 





ni = no indication of either X* or XO*. 


It is seen that, apart from thorium, it is possible to obtain X+ ions for 
isotopic abundance measurements on each of the actinide elements. 

As it is very difficult in these experiments to reproduce the exact experi- 
mental conditions from filament to filament, a further series of measurements 
were made in which pairs of the actinide elements (1 ugm. of each in nitric 
acid solution) were mounted on the sample filament. The results obtained for 
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the ratios X*+/U*+ and XO*+/UO*, respectively, when the sample filament 
temperature was once more varied, whilst the center filament temperature 
was maintained at 2500°C., are given in Tables II and III. The filament 
temperatures were obtained from an optical pyrometer calibration. 

Whilst no great precision is claimed for the ratios in Tables I, II, and III, 
it has usually been possible to reproduce a set of ratios to within a factor of 
two. The temperature of the center filament is very critical; this effect is 
discussed later. 
































TABLE II 
VALUES FOR THE RATIO X*+/U*+ WHEN THE TEMPERATURE OF THE SAMPLE FILAMENT IS VARIED 
Ratio 1150°C. 1350°C. 1500°C. 1850°C. 2000°C. 
Tht/U+* No Th* No Tht No Tht 0.05 0.1 
Pat/U* No Pat 0.06 0.2 — — 
Npt/Ut 0.2 2 3 -~ — 
Put/Ut + 4 4 — 
Am*/Ut No Amt 3 4 9 — 
TABLE III 
VALUES FOR THE RATIO XO*+/UO+t WHEN THE TEMPERATURE OF THE SAMPLE FILAMENT IS 
VARIED 
Ratio 1150°C. 1350°C. 1500°C. 1850°C. 2000°C. 
ThO*/UOt No ThO* No ThO* 0.05 0.2 2 
PaOt+/UO* No PaO* No PaO* 0.1 2 _— 
NpO*/UO* 0.07 0.5 1 os — 
PuOt+/UOt 0.1 0.1 O:4 0.2 — 
AmO*/UOt No AmOt No AmOt 0.1 0.2 — 





The main points to be drawn from Tables I-III may be summarized as 
follows: 

(1) In general, increase in temperature of the sample filament, whilst the 
center filament is at a constant temperature of 2500°C., produces bigger ion 
intensities, with little change in the ratios. This is to be expected because more 
particles are being evaporated on to the center filament, but the ionizing 
conditions remain constant. 

(2) As we move across the series from thorium to americium the optimum 
sample filament temperature is first high, is lowest for uranium, and then 
rises again for americium. For thorium it is necessary for the sample filament 
to be at about 1850°C. in order to get a reasonable ion current. Although 
uranium appears at a slightly lower temperature than neptunium and plu- 
tonium the latter appears to produce metal ions more readily. This is in part 
due to the ratio Put/PuO* being so much greater than U+/UO%, i.e. a large 
proportion of the PuO and PuQOy, molecules reaching the center filament are 
decomposed to Pu* and the plutonium sample is therefore used more 
efficiently. 

(3) For thorium, the ions ThO* are produced more easily than the Th*+ 
ions even when the sample filament is at a temperature greater than 1850°C. 
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For uranium, the ion beams of U+ and UO? are of similar size, but as we 
cross the series, the X+/XO+ ratio increases until for americium the ratio 
Am+/AmO+t = 100. It would appear that the elements become more like 
gadolinium. Thus, whilst gadolinium produces primarily GdO+ ions on a 
single filament, in the multiple filament source Inghram (3) has shown that 
the Gd* ion intensity is much greater than the GdO? ion intensity. 

(4) It is usually found that, if the currents through the sample and center 
filaments are held constant for several hours, then the ratio X+/XO+ tends to 
increase. Similar increases in positive ion emission have been described by 
some of the early workers using filament sources. They are probably due to 
slow changes in the physical conditions of the tungsten surface, causing a 
change in work function. 

(5) In experiments to determine the relative detection limits for the actinide 
elements, neptunium, plutonium, and americium appeared to be detected at a 
lower level than uranium and protactinium. Thorium was the most difficult 
element to analyze and this must be due, in part, to the refractory nature of 
the oxide. 

(6) Very small samples of the actinide elements may be analyzed in the 
multiple filament source. Using an electron multiplier collector Tilton (8) 
has reported a lower limit of 10—'* gm. for the detection of uranium. 

Several of the ratios which are given in Tables I, II, and III are strongly 
influenced by changes in the temperature of the center filament. The changes 
produced in these ratios when the temperature of the center filament is slowly 
reduced from 2800°C., whilst the sample filament is maintained at a suitable 
constant temperature, have therefore been investigated. It is found that the 
ion beams for all the metal ions (X*+) together with ThO+ and PaO*+ decrease 
rapidly in size. This would indicate that J is greater than W; for plutonium, 
as we have seen, this appears to be so. The other monoxide ions behave differ- 
ently. Thus the UO* ion beam remains approximately constant in size until 
the center filament is at 2200°C., then it decreases rapidly. The PuOt+ and 
AmO* ion beams first increase to a maximum at about 2200°C., and then 
decrease as the current through the center filament is further reduced. 

The dioxide ions PaO,+, UO.*+, and NpO,* resemble the PuOt+t and AmOt+ 
ions in that the ion intensity increases to a maximum (when the center filament 
is at 1200°, for the PaO.* ion) and then decreases rapidly. Focusing conditions 
are such that the dioxide ions which are being detected originate from the 
center filament. No ions are detected direct from the sample filament. No 
ThO,+ or AmO,* ions are usually observed. The maximum at the relatively 
low center filament temperature may possibly be explained as follows. There 
is an initial rise in the ion intensity because the chance that the XOz neutral 
particles can be thermally decomposed to XO and X decreases as the tempera- 
ture is reduced. Hence there is a greater chance of the XO» surviving at the 
filament surface and being converted to XO,.* ions according to the Saha 
equation. At temperatures below 1800°C. the work function of the tungsten 
surface may be increased because of the decomposition of the XOz molecules 
by chemical reduction at the tungsten surface and hence the possible formation 
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of a tungsten oxide film, which may be stable. If the work function then 
becomes greater than the ionization potential for the particle, then further 
decrease in the temperature of the filament causes an increase in the ratio 
n+/no. Finally as the temperature of the center filament drops further, a 
point will be reached when thermal ionization is no longer possible; hence 
the final drop at temperatures of about 1000°C. 


TABLE IV 


VALUES FOR THE RATIOS X*/U*+ AND X+/XO* WHEN THE TEMPERATURE OF THE SAMPLE 
FILAMENT IS MAINTAINED AT 1300°C. AND THE CENTER FILAMENT TEMPERATURE IS VARIED 








Ratio 2700°C. 2600°C. 2500°C. 2400°C. 2200°C. 2100°C.  2000°C. 





Np*t/U* 2 2 2 2 3 4 
Put/U+ _ 3 4 6 10 25 — 
Amt+/U+ — 2 3 6 8 28 80 
Ut+/UOt+ ~- 1.5 1 0.5 0.3 0.1 
Np*/NpOt — 4 4 I on 0.5 0.2 
Put/PuOt -~ 70 50 40 20 8 5 
Am*t/AmO* 255 100 60 — 60 27 14 





The relative behavior of the actinide elements as the temperature of the 
center filament is reduced is summarized in Table IV. The ratios for X+/U+ 
and X+/XO+ are only intended to indicate a trend of behavior and it should 
again be emphasized that ratio values are only very approximate. The Np*+/U* 
ratio appears to behave anomalously. Thus, whereas the Np* and Ut ion 
beams decrease in intensity at about the same rate, the Put and Am+ beams 
appear to decrease more slowly than U*. 

In conclusion it may be said that it is difficult to make predictions from 
the Saha equation, because, for a rigid application of the equation, it is necessary 
to include the ionization potential for each of the species under consideration, 
and these are unknown for the monoxide and dioxide ions and for the metal 
ions, with the exception of uranium and plutonium. It is possible, however, 
to explain the results qualitatively using the equation and to obtain a reason- 
able picture of the ionization process. 
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THE PREPARATION AND PROPERTIES OF Pu! 


By J. P. BuTLerR, M. LounsBury, AND J. S. MERRITT 


ABSTRACT 


Three samples of plutonium rich in Pu? and containing from 1.7 to 8.6% 
Pu8 have been prepared by the neutron irradiation of Am*™!. From mass 
analyses and measurements of the alpha abundance of Pu’, the alpha half-life 
of Pu*? was determined as 3.73+.05 X 10° yr. The spontaneous fission half-life 
of Pu was also measured as 6.64+0.10 X 10?° yr. 


I. INTRODUCTION 


An estimate of about 5 X 10° yr. for the a half-life of Pu**? was made by 
Thompson ef al. (12) in 1950. Later Asaro (1) reported a value of 9 X 105 yr. 
for this half-life, based on measurements of the a abundance and mass abun- 
dance of Pu? in a sample of plutonium which was mainly Pu”. Asaro deter- 
mined the a abundance in an alpha-particle spectrograph which employed 
a 60° symmetrical magnetic analyzer. In a recent paper, Studier and Huizenga 
(11) summarize data on the spontaneous fission half-lives of the heavy elements, 
and report a value of 3.8 X 105 yr. for the a half-life and 6.7 XK 10" yr. for the 
spontaneous fission half-life of Pu. These values were privately communi- 
cated by Mech, and by Ghiorso and Thompson respectively. 

In view of the differences and lack of precision in these reported values for 
the half-life of Pu®, it was considered that a further investigation of this 
constant would be worth while. 


II. PREPARATION OF Pu*? 
(a) Method 
Samples of plutonium rich in Pu*# were prepared by the neutron irradiation 
of Am*!. The nuclear reactions occurring in the neutron irradiation of Am”! 
are as follows (5, 9): 


a = 162 days 
Cm? 


A 
B- | 64% 


Am*! (m7) Am?42m .T. > Am?2 
# 880 barns (16 hr.) 18% g.s. 
E.C. 
¥ 18% 


Pus Pu 


‘Manuscript received November 21, 1955. 
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Am”! captures neutrons with an 880 barn cross section (3) to form the excited 
state of Am***. The metastable state of Am? has an over-all half-life of 16 hr. 
and decays by three modes: 18% by internal conversion to the ground state 
of Am”, 64% by 8- decay to Cm™?, and 18% by electron capture to Pu**. 
Since Pu” is formed directly from the 16 hr. Am?“ while Pu*** is only formed 
through the intermediate 162 day Cm™, it is clear that in the early stages of 
an irradiation the growth of Pu** will be slow compared to that of Pu. 
Short irradiations followed by rapid separation of plutonium should therefore 
yield plutonium rich in Pu. 

Quantitative calculations have shown that irradiations of two days would 
yield samples of Pu?—Pu** containing about 2% Pu’. Plutonium of this 
composition is necessary for an accurate determination of the half-life of 
Pu”. Larger amounts of Pu?*8 would make it difficult to measure the a activity 
of Pu®? since the a decay rate of Pu is about 4000 times slower than that of 
Pu?38,. In addition, the a energy of Pu?” is less than that of Pu®’, so that in an 
alpha energy spectrogram the small Pu? peak occurs superimposed on the 
low energy tail of Pu**®. 

(b) Experimental 

Samples of plutonium containing 98-99 atom % Pu?” were prepared by 
irradiating 50 mgm. of Am*! for two days in the N.R.X. nuclear reactor in a 
neutron flux of 6.5 X 10" neutrons cm.~ sec.~'. The Am*! which had been 
initially freed from all traces of plutonium was irradiated as AmF3. The 
fluoride was used rather than the oxide since it had the advantage of being 
very easily dissolved after the irradiation. 

In a two-day irradiation of 50 mgm. of Am*! large amounts of a, 8, and 
y activities are produced: a = 0.8 curies, 8 = 170 curies, mainly Am*?™, and 
y = 10 curies. The y field of the sample immediately after the irradiation was 
10 roentgens at 2 ft. Because of this high radiation field the initial separations 
were performed remotely in a dry box shielded with 2 in. of lead. 

After the irradiation the plutonium was rapidly separated from the ameri- 
cium and curium to prevent further contamination of the Pu* by Pu?%8 
which grows in from the a decay of Cm*”. The AmF; was dissolved in a warm 
solution of saturated boric acid in 4 N nitric acid. The Am, Cm, and Pu were 
precipitated as hydroxides with NaOH and dissolved in concentrated hydro- 
chloric acid which was 0.1 JN in nitric acid. This solution was fed onto a Dowex 
A-1 anion resin column (area 1.1 cm.’, length 6 cm.) which adsorbed the 
plutonium and allowed the Am, Cm, and most of the fission products to pass 
through (2). The column was washed with 12 NV HCl -0.1 N HNO; to reduce 
the amount of Cm held on the column. 

The plutonium, which was about 15 ywgm. in all, was eluted from the resin 
column with 1% NHg,lI in 12 N HCl. The plutonium was reoxidized to Pu*‘, 
and readsorbed on a fresh Dowex A-1 column from which it was eluted with 
0.2 N HCl. In these steps the plutonium was decontaminated from Am and Cm 
by a factor of 10°. The final purification of the plutonium was accomplished 
by solvent extraction using thenoyltrifluoroacetone in benzene. 
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III. THE a HALF-LIFE OF Pu 
(a) Method 


From a knowledge of the relative alpha activities and abundances of the 
plutonium isotopes the half-life of Pu? can be determined from the known 
half-life of Pu*8. For Pu? the equation is as follows: 


Pu*38_q atoms Pu?” 


(Pu) = P ss < &(Pu*). 





u*?-@ atoms Pu? 


The best value for the half-life of Pu®** is 89.6 yr. determined by Jaffey (6). 
(b) Experimental 


The samples of plutonium were mass analyzed with a 60°-deflection, 8-in.- 
radius mass spectrometer with a resolution of 0.3% atomic mass unit (7, 10). 
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Fic. 1. Alpha spectrum of a sample of Pu**-Pu®* containing 1.803 atom % Pu. 
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The surface ionization ion source employed a tantalum ribbon mounted on 
Kovar terminals. For each analysis a sample of about 15 uwgm. of plutonium 
was used. PuOt ions were detected when a current of about 2.5 amp. d-c. was 
passed through the filament. The mass spectrum was scanned magnetically 
and the ion current amplified by a vibrating reed electrometer and recorded 
with a Type G Speedomax. The Pu”8/Pu* abundance ratio was calculated 
from the ratio of the heights of the mass 254 (Pu88O!*) and mass 258 (Pu?#O!®) 
ion current peaks. Ten determinations were made of the abundance ratio in 
each sample and the standard deviation from the mean was +1%. The 
abundance of Pu” in each of the three samples was low, less than 0.1 atom % 
in sample 1, and less than 0.01 atom % in samples 2 and 3. 

The @ pulse analysis of the plutonium was determined with a gridded ion 
chamber (4) and a 30 channel pulse height analyzer. Thin sources were 
prepared by vacuum sublimation onto polished platinum disks. The resolution 
of the chamber was 0.6% full width at half maximum. Fig. 1 shows the alpha 
spectrum of a mixture of Pu***-Pu?” in which the atom per cent of Pu? was 
1.8. To determine the a counting ratio of Pu™* to Pu” only eight channels over 
each alpha group were used. In actual practice, to determine the relative 
abundance of the two alpha groups the same channels were used to obtain the 
counting rate in each group. This would eliminate errors introduced by 
differences in channel width. To estimate the a activity of Pu*” it was necessary 
to extrapolate the Pu”** a tail under the Pu* peak. Since the Pu*** @ tail is 
very flat in the region of 4.9 Mev., there is little uncertainty in this extrapola- 
tion. In Table I the reproducibility of the a pulse analysis is shown for a 
sample of plutonium. The values of the a abundance of Pu” for repeated 


TABLE I 


REPRODUCIBILITY OF a PULSE ANALYSIS 














Sample Source a % Pu 

3 A 1.28;+0.01; 

A 1.27,+0.01; 

3 B 1.272+0.01: 

B 1.29;+0.01s 

3 Cc 1.272+0.01; 

c 1.293+0.01; 

Average 1.282+0.009 





counts on three different sublimed sources are listed. The errors quoted are the 
statistical error in the count plus an error in the extrapolation, about 0.5%. 
From the results in this table the a abundance of Pu? 
standard deviation of about +1%. 

Combining the results of the mass analysis and the a pulse analysis w ith the 
known half-life of Pu?*’, 89.6 yr., the half-life of Pu?*? was calculated for three 
samples of plutonium. The results are summarized in Table II. 
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TABLE II 
HALF-LIFE OF Pu” 











Sample % of Pu?-a’s Atom % Pu” ty X 10° yr. 
1 0.26,+0.01; 8.629+ .09o 3.63+.18 
2 1.38 0+0.012 1.69s+ .017 3.71+.05 
3 1.282+0.005 1.80;+.01, 3.76+ .05 





Weighted average = 3.73+.05 





The values of the half-life of Pu listed in the last column of the table 
for the three samples agree within the error of the determination. The error 
for sample 1 (which was prepared by a 9.4 day irradiation of Am") is larger 
because the a abundance of Pu*? was much smaller and it could not be deter- 
mined with the same precision as samples 2 and 3. 

A weighted average gives a value of 3.73+.05 yr. for the @ half-life of Pu?”. 
The error quoted is the standard deviation calculated from the experimental 
results and does not include the uncertainties in the a@ half-life of Pu®** used in 
the calculations. 


IV. SPONTANEOUS FISSION HALF-LIFE OF Pu 


The spontaneous fission half-life of Pu? was determined using plutonium 
from sample 3 (see Table II). A thin source of about 4 ugm. of plutonium was 
prepared by electrolyzing a solution of plutonium in 0.3 M ammonium oxalate 
which was kept slightly acid to phenol red (8). A current density of 150 ma. 
per cm.’ was used. 

The source was fission counted in a simple ionization chamber filled with 
methane. The chamber was operated at a gas pressure such that both the 
a-particles and the fission fragments had ranges greater than the spacing 
between the electrodes. Using an amplifier with a time constant of 10-7 sec. 
the chamber gave good discrimination between a-particles and fission frag- 
ments in the presence of 2 X 10% a disintegrations per minute. The background 
of the chamber was less than 0.5 fission disintegrations per day. The effective 
geometry of the chamber for a fission source was determined as 96.4% by 
counting an @ source of known disintegration rate at an increased pressure. 

The plutonium source which contained 4.05 ugm. of Pu* and 0.0732 ugm. 
of Pu*8 gave a spontaneous fission counting rate of 12.3+0.1 disintegrations 
per hour. When a correction of 2.4% is applied to allow for the spontaneous 
fission of Pu%® (t; = 4.9 X 10! years (11)) a value of 6.6,+0.10 X 10!° 
years is obtained for the spontaneous fission half-life of Pu’. 
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THE NATURAL ABUNDANCES OF THE URANIUM ISOTOPES! 


By M. LounsBuRY 


ABSTRACT 


Using a surface-ionization mass spectrometer, the natural U*8/U23 abundance 
ratio in uranium obtained from Great Bear Lake Pitchblende has been measured 
to be 137.80+0.14. From a survey of results reported in the literature on U** a 
best value of 17,325+550 was estimated for the natural U*8/U2* abundance 
ratio. The corresponding isotopic abundances are 0.7204+0.0007 atom % and 
0.00573 +0.00018 atom % for U2* and U**, respectively. 


INTRODUCTION 


The first mass spectrographic analysis of uranium was made by Aston (1) 
in 1931. He observed only U*5*, and estimated the abundance of other isotopes 
to total not more than two or three per cent. In 1932, von Grosse (9), from 
studies of the actinium (47 + 3) series of natural radioactivity, predicted 
that U?* existed in natural uranium to the extent of 0.4 atom %. Dempster (5) 
in 1935 discovered U** mass spectrographically and determined its abundance 
to be less than 1 atom %. He also predicted the existence of U**4 from studies 
of the uranium (4 + 2) series of natural radioactivity,.and calculated that 
its abundance would be 0.008 atom %, ‘‘and therefore too faint to be observed 
by the mass spectrograph’’. 

Nier (14) in 1939 made the first mass spectrometric analysis of natural 
uranium and obtained a value of 138.9+1.4 for the U*8/U® abundance ratio. 
Because it was at one time thought that the ratio might be a function of the 
age of the mineral in which the uranium was found, he measured the ratio for 
three samples of widely different geologic age. He found that for Swedish 
Kolm (4 X 10® yr.), Wilberforce Uraninite (1.0 X 10° yr.), and Dakeite 
(1 X 10% yr.), the ratio was constant to 0.07%, and therefore did not depend 
on the age of the mineral or its source. Nier also discovered the very rare 
isotope U**4, and determined its abundance to be 0.0059 atom %. Further 
determinations of the U4 abundance have been made by several authors (3, 
6, 7, 8, 12) using both mass spectrometric and specific activity methods. 

Subsequent mass spectrometric determinations of the U**8/U* abundance 
ratio have been reported by Inghram (11), Fox and Rustad (7), and Chamber- 
lain, Williams, and Yuster (3), all in 1946. Inghram’s value of 137.8 was lower 
than the earlier determination by Nier by almost one per cent. Fox and Rustad 
actually obtained two values, 137.0+0.7 by electron bombardment ionization, 
and 138.0+0.3 by thermal ionization. Using the latter ion source they found, 
as did Nier, that the ratio was constant to 0.03% for two African ores, one 
Canadian ore, and one Colorado carnotite. Chamberlain et al. obtained a value 
of 139 for the U*8/U?% ratio, in agreement with the first determination by 
Nier. 


1Manuscript received November 14, 1956. 

Contribution from Research Chemistry Branch, Atomic Energy of Canada Limited, Chalk 
River, Ontario. Issued as A.E.C.L. No. 280. This paper was presented at the Symposium on 
— Chemistry and Radiochemistry held at McGill University, Montreal, Que., September 7-9, 
1956. 
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Three estimates of a best value for the U**8/U** abundance ratio have been 
reported in the literature. Bainbridge and Nier (2) in 1950 in their table of 
isotopic abundances adopted a best value of 139.0+1.4. Fleming e¢ al. (6) in 
1952 arrived at a best value of 138.0+1.4, a composite of all the determina- 
tions, but close to the value of Inghram and the thermal ionization value of 
Fox and Rustad. In 1953, Hollander, Perlman, and Seaborg (10) in their 
Table of Isotopes reverted to the 1939 value of Nier. 

In view of the difference between the best values of the natural U?88/U?% 
abundance ratio, and because of the importance of this ratio in such studies 
as geologic age determinations and the nuclear processes occurring in reactors 
fueled with natural uranium, a further investigation of the ratio appeared to 
be worth while. During the past year and a half, a number of mass spectro- 
metric determinations of the natural U**/U* abundance ratio have been 
made in this laboratory. The results of these measurements are presented in 
this paper, along with a comparison of the earlier measurements of U4, in 
order to estimate a best value for its abundance. 


EXPERIMENTAL 

A. Uranium Sample 

The uranium sample used in this investigation was obtained from Pitch- 
blende from the Eldorado mine at Port Radium on Great Bear Lake in northern 
Canada. The age of the Pitchblende has been determined by Collins, Farquhar, 
and Russell (4) to be 1400+50 million years. A highly purified sample of 
UO.2(NO3)2.6H.O was prepared* and dissolved in 1 N HNO; to give a solution 
with a concentration of 5 mgm. U/ml., from which 3A aliquots were taken for 
mass analysis. 


B. Mass Spectrometry 

A 60°-deflection, 8-in.-radius mass spectrometer (13) with a mass resolution 
of 0.3% was used for this work. The thermionic emission ion source employed 
a tantalum ribbon filament (0.001 in. X 0.030 in. X 0.250 in.) mounted on 
pickled Kovar terminals (Stupakoff No. 9807). Fifteen micrograms of uranium 
contained in 3 microliters of the stock solution was dried on the filament by 
passing a current of about 1 amp. through it in air. 

The loaded filament was mounted in the ion source and by differential 
pumping the mass spectrometer tube was evacuated to about 2 X 10-7 mm. Hg 
as indicated by the ionization gauge. UO2* ions were detected when a current 
of 2.0 to 2.5 amp. d-c. was passed through the filament. The ions were acceler- 
ated to 6,000 to 10,000 volts energy, collimated in a beam, and separated 
according to mass in a magnetic field of 9,000 to 12,000 gauss. The mass 
spectrum was scanned magnetically, and the ion current was amplified by a 
Vibrating Reed Electrometer (Applied Physics Corporation, Model 30) with 
a 2 X 10" ohm input resistor. The output from the amplifier was fed through 
a calibrated attenuator system to a fast (0.8 sec. full-scale response) Speedo- 


*The author is deeply indebted to Professor L. Yaffe, McGill University, Montreal, for supplying 
the purified sample of uranyl nitrate. 





LOUNSBURY: URANIUM ISOTOPES ; 261 


max Recorder (Type G). The mass spectrum was scanned slowly (10 sec. per 
peak) and continuously in the direction of increasing and decreasing mass 
alternately. 

RESULTS AND DISCUSSION 


At the relatively low ion source filament temperatures used in this work, 
the predominant ion emission was UO,*, with a very small emission of UO*+ 
ions. In the recorded mass spectrograms, ion current peaks were observed 
at the mass numbers shown in Table I. The peak at mass number 266, due to 


TABLE I 
IONIC SPECIES IN UO,* MASS SPECTRUM 











Mass No. Ionic species 
266 U2HO 16016 
267 U28QO16O16 + [Y24O16O17 
270 U28QO16Q 16 
271 U28QO16Q!17 
272 U28O16O18 4+ [28Q17017 





the very rare U®#OQ' combination, was observed only if the total ion 
current was increased by operating the filament at a temperature above the 
optimum value for long sample life. Therefore the U**O'%0'7 combination 
made a negligible contribution to the height of the mass 267 peak, and the 
U*88/U* abundance ratio was calculated directly from the ratio of the heights 
of the mass 270 (U**8Q'*Q'%) and the mass 267 (U%O!*0"*) ion current peaks. 

The results obtained from the recorded mass spectrograms are presented in 
Table II. Each of the 11 determinations listed is the average obtained from 
20 or more spectrograms. The error quoted in each case is the standard devi- 


TABLE II 


ISOTOPIC ABUNDANCE OF U2% 

















Obs. No. U8 /[235 Atom % U3 

1 137.84+0.19 0.7202 +0.0010 

2 138.02+0.11 0.7193 +0.0006 

3 137.91+0.11 0.7198 +0.0006 

4 137.74+0.11 0.7207 +0.0006 

5 137.62+0.15 0.7214+0.0008 

6 137.95 +0.25 0.7196 +0.0013 

Ff 137.81+0.20 0.7204+0.0010 

8 137.81+0.18 0.7204 +0.0009 

9 137.66 +0.10 0.7211+0.0005 

10 137.92+0.10 0.7198+0.0005 

11 137.56+0.14 0.7217 +0.0007 
Grand mean 137.80 0.7204 
S.D. +0.14 +0.0007 





ation of the mean. The grand mean is the average of the 11 determinations 
with equal weight assigned to each of them. The error attached to the grand 
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mean is the standard deviation of the 11 determinations from it. Possible 
systematic errors which could affect the accuracy of the grand mean are: 
(a) isotopic fractionation in the vaporization process, (b) mass discrimination 
in the ionization process, (c) magnetic mass discrimination in the ion source, 
(d) electrostatic mass discrimination in the source, (e) magnetic mass discrimin- 
ation in the analyzer, and (f) non-linearity in ion-current measurements. 

Isotopic fractionation in the vaporization process could arise from possible 
preferential evaporation of the lighter U**O'*0'* molecule, caused by its 
higher thermal velocity, relative to U8O'*O"*. If evaporation of the sample 
occurred from the liquid phase and there was perfect mixing at the surface of 
the liquid, isotopic fractionation could occur and cause a maximum change 
in the U*88/U?% abundance ratio of 0.5%, equal to the square root of the ratio 
of the masses 270/267. With the refractory oxide of uranium, evaporation is 
from the solid phase, and therefore mixing at the surface of the solid and 
isotopic fractionation should be negligible. To prove this, abundance ratios 
were measured from the time emission began until the sample was completely 
evaporated from the filament. If there were any isotopic fractionation, the 
U*8/U25 abundance ratio would increase with time. No such effect was de- 
tected. 

Mass discrimination in the ionization process would occur if the ionization 
efficiency was a function of the isotopic mass. However for the thermal pro- 
cess, the ionization efficiency is a function of the ionization potential and not 
of the mass, and therefore this effect is negligible. 

Magnetic mass discrimination could not occur in the ion source because 
the thermal source required no magnetic field as does a bombardment source 
with an electron focusing magnet. 

There was no electrostatic mass discrimination in the ion source because 
the ion energy was held constant and the mass spectrum scanned magnetically. 
If the spectrum had been scanned electrostatically, the higher accelerating 
potential required to bring the lighter U?*O'*O0"* ion to focus on the collector 
would have resulted in increased ion source efficiency for the lighter ion, and 
caused the U**8/U** ratio to be too low. 

With magnetic scanning of the mass spectrum, the ion paths of U*%O1#8Q!6 
and U*8O'%O!* through the mass spectrometer tube are identical, and thus 
the condition for no discrimination in the analyzer is fulfilled. 

Inaccuracy in measurements of the abundance ratio could be caused by 
non-ohmic response of input resistor of the vibrating reed electrometer, or by 
non-linearity of response of the electrometer and recording system. The input 
resistor showed no evidence of non-linearity in the range from 0.006 to 2 volts 
used in these experiments. Similarly the electrometer and recorder gave no 
evidence of non-linear response over a 10-fold range in total ion current. The 
measured U*8/U*% abundance ratio was completely independent of the magni- 
tude of the ion current. 

Therefore it is concluded that the various systematic errors discussed above 
either were not present, or were not greater than +0.1%, the standard devia- 
tion from the grand mean, and to this degree of accuracy, the measured ion 
current peak heights were proportional to isotopic abundances. 
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The value obtained for the U8/U** abundance ratio in uranium from 
Great Bear Lake Pitchblende was 137.80+0.14. Because Nier (14) and Fox 
and Rustad (7) have shown that the ratio is independent of the age or the 
source of the mineral from which the uranium was obtained, the value of 
137.80+0.14 obtained for the ratio in this work, which is in agreement with 
the determination by Inghram (11), may be assumed to apply to all natural 
uranium. A summary of the various published values of the U*8/U®* ratio is 
given in Table III. 











TABLE III 
ISOTOPIC ABUNDANCE OF U?% 

Author Reference Method U8 /[2% 
Nier, 1939 14 El. bomb. 138.9+1.4 
Inghram, 1946 11 Thermal 137.8 
Fox et al., 1946 7 El. bomb. 137.0+0.7 
Fox et al., 1946 7 Thermal 138.0+0.3 
Chamberlain, 1946 3 El. bomb. 139 
Bainbridge et al., 1950 2 Best value 139.0+1.4 
Fleming et al., 1952 6 Best value 138.0+1.4 
Hollander et al., 1953 10 Best value 139.0+1.4 
This paper, 1955 Thermal 137.80+0.14 





Six values of the U*4 abundance, ranging from 0.00504 to 0.00591 atom %, 
have been reported in the literature (3, 6, 7, 8, 12, 14) as shown in Table IV. 
A best value is rather difficult to arrive at, because several authors, claiming 

















TABLE IV 

; ISOTOPIC ABUNDANCE OF U2% 
Author Reference Atom % U4 
: ; Nier, 1939 14 0.00591 +0.00059 
| ‘ Fox et al., 1946 7 0.00555 +0.00017 

Chamberlain et al., 1946 3 0.00504 +0.00030 

Goldin et al., 1949 8 0.00590 +0.00008 
6 Kienberger, 1949 12 0.00557 +0.00006 

Fleming et al., 1952 6 0.00545 +0.00004 
S 

Best value 0.00573 +0.00018 
y = 
y j 1% accuracy, differ from each other by about 10%. The first three values listed 
t ‘ were obtained by the mass spectrometric method. The value of Chamberlain 
S j et al. (3) appears to be too low because the value of the half-life of U** de- 
O : termined using their abundance of U** is about 10% too low. The values of 
e 3 Nier (14) and Fox and Rustad (7) agree well within the quoted limits of error. 
i- 3 Goldin et al. (8) calculated their value from the specific alpha-activity of pure 

‘ U*4 and U*8, using Nier’s value for the U**8/U** abundance ratio. The method 

e : required many operations subject to error, but the result is in remarkable 
- 3 agreement with the value of Nier. Kienberger’s (12) value is based on specific 


n s alpha-activity and mass spectrometer analyses of samples of uranium highly 
enriched in U**4, and on the specific alpha-activities of U*** and natural urani- 
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um. The value thus calculated is in excellent agreement with the value of Fox 
and Rustad, but is significantly different from that of Goldin et a/., considering 
the low limits of error imposed on these two values. Fleming ef al. (6) based 
their determination on the specific alpha-activity of natural uranium and of 
U*4, The value thus obtained is in agreement with the value of Fox and Rustad 
within the quoted limits of error. 

Thus, excluding the value of Chamberlain et a/. for the reason discussed 
above, the values obtained for the natural abundance of U*** fall into two 
groups, one giving 0.0055 atom %, and the other giving 0.0059 atom %. A 
best value of 0.00573 +0.00018 atom % is estimated to cover the most probable 
limits of the range. 

Using the value of the U** abundance obtained from this work, and the 
best value of the U*** abundance estimated from the survey of the literature, 
the natural abundances of the uranium isotopes are as given in Table V. 


TABLE V 
NATURAL ABUNDANCES OF THE URANIUM ISOTOPES 














Mass No. Abundance (atom %) 
234 0.0057 +0.0002 
235 0.7204 +0.0007 
238 99.2739 +0.0007 

U28/U2% = 17,3254550 


U28/U25 = 137.80-40.14 
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DISINTEGRATION-RATE DETERMINATION BY 42-COUNTING 


PART IV. SELF-ABSORPTION CORRECTION: GENERAL METHOD AND 
APPLICATION TO Ni® 8-RADIATION! 


By B. D. PATE? AND L. YAFFE 


ABSTRACT 


A method of preparing thin uniform sources of radioactive materials for use 
in a 4m counter is described. The radioactive nuclides are formed into organic 
compounds and are subsequently distilled on to thin VYNS films. Electron 
microscope photographs of the deposits are shown. The material is uniformly 
deposited in crystals of about 1 uw in diameter. The distillation can be rendered 
quantitative. The amount of material on the film can be estimated either 
spectrophotometrically im situ or by appropriate chemical means. Using this 
method a self-absorption curve for Ni® (maximum beta energy 67 kev.) is 
obtained. 


A. INTRODUCTION 


In previous publications (15, 16, 17, 18) we have discussed the principles 
of 4x-counting and the errors to which disintegration-rate determinations 
by this method are subject. We have shown that the error from departure 
of the counter response probability from a value of unity. can be reduced to 
less than 0.1% and that arising from absorption of radiation in the source- 
mount can be reduced to less than 0.2% of the source disintegration-rate, for 
beta-emitters of end-point energy down to 67 kev. Similar results were 
ebtained for emitters of other forms of radiation. This paper will describe 
methods for correcting for the remaining source of error: absorption of radiation 
in the material of the source itself. 

Owing in part to the recent advances in technique for correcting for other 
errors, self-absorption is at present and appears likely to remain for some time 
the factor limiting the accuracy of 4x-counting, and indeed all disintegration- 
rate determination methods involving solid sources (with the possible excep- 
tion of coincidence counting). 

Self-absorption effects become more important as the radiation energy is 
reduced, and in the 42r-counting system are generally much greater than in 
systems of smaller counting geometry owing to the ineffectiveness of self- 
scattering processes (1, 2, 3, 7, 14, 24). However very little systematic work on 
self-absorption by experimenters using 47-counters has been reported. 

Meyer-Schiitzmeister and Vincent (12) were aware of the significance of 
self-absorption in S** sources however. Their method of source mounting 
(vacuum evaporation or ‘“‘freeze-drying’’ of solutions) produced crystals of 
2-3 uw in diameter. If the material was deposited so as to be concentrated into 
one crystal of 20 » diameter, the apparent activity was observed to be lower 
by 30%. In order to allow for self-absorption, these authors assumed the 

1 Manuscript received October 26, 1955. 

Contribution from the Radiochemistry Laboratory, Department of Chemistry, McGill University, 
Montreal, Quebec, with financial assistance from the National Research Council of Canada, 
Atomic Energy of Canada Ltd., and the Atomic Energy Control Board. This paper was presented 
at the Symposium on Nuclear Chemistry and Radiochemistry held at McGill University, Montreal, 


Que., September 7-9, 1956. 
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crystals to be spherical in shape, and computed radiation absorption using an 
absorption coefficient value from external absorption measurements and 
assuming the absorption to be exponential. 

However when this method of source preparation is used with thin films 
(5-10 ugm./cm.?) numerous tears are produced in the film, owing probably 
to the rapid expansion of the droplet under the conditions of rapid evaporation. 

Hawkings ef al. (5) proposed a better method of correcting for, or rather 
ensuring the absence of, significant absorption effects. Their procedure was 
the progressive dilution of the stock solution from which sources were pre- 
pared until a constant specific activity (after correction for the dilution) 
was observed. Alternatively a plot of the logarithm of the counting-rate 
against the aliquot used could be extrapolated to infinite dilution. This 
method, applicable in general to high specific activity materials only, is how- 
ever not infallible. Material from dilute solution will, unless elaborate pre- 
cautions are taken, still crystallize into local aggregates, and even with such 
precautions, crystal size cannot be reduced indefinitely. Thus self-absorption 
may still be significant in residues from evaporation which are invisible, and 
further dilution will not necessarily lead to a true disintegration rate figure. 

A recent paper by Seliger and Schwebel (22) emphasizes the importance of 
the method of source preparation. Different methods of mounting Sr®° were 
found to give sources differing in counting-rate by 5%, and similar but larger 
effects were found for Co®, mounted by evaporation of a solution with and 
without prior precipitation by ammonia. Micrographic examination of even 
the best residues showed clumping of source material. No systematic attempt 
was made to determine and correct for absorption losses, such corrections as 
were made being mostly quite arbitrary. 

Thus the subject of the determination of and correction for self-absorption 
in the 4x-counter is virtually untouched. The problem of making such a correc- 
tion in a precise way divides itself into two parts, 

(a) the preparation of samples of radioactive material in which self- 
absorption effects are minimal, uniform, and reproducible and 

(b) the determination of the extent of self-absorption in the sample so 
prepared as a function of its superficial density, and consequent correction of 
the observed disintegration-rate. 


B. EXPERIMENTAL TECHNIQUES AND RESULTS 


(a) Source Preparation 

The methods of sample mounting used in conventional counter systems, 
involving manipulations of material in the solid state, are not suitable for the 
most accurate work with a 4r-counter. This follows from the use of very thin 
and comparatively fragile plastic films for the source mount, described else- 
where (16). Handling of solids in the form of slurries is likewise unsatisfactory 
since these tend to form large aggregates, or tear the film on drying. 

The usual method of mounting 4z2-counter sources then is by drying a 
suitable aliquot of a stock solution (5, 12, 20). However, as mentioned above, 
such an evaporation procedure will usually lead to local agglomerates of 
crystals (most often at the periphery or near the center of the original drop) 
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rather than to an even layer of material. This is especially the case when the 
source-mounting film is particularly hydrophobic, like VYNS, as is seen in 
Fig. 1, a photomicrograph of a sodium sulphate deposit (~100 ugm./cm.?) 
produced by this method. Under these conditions self-absorption effects will 
be neither minimal nor reproducible. 


& 





en eee 


Fic. 1. Photomicrograph (X20) of deposit from the evaporation of Na2SO, solution under 
infrared irradiation on 5 ugm./cm.? VYNS without insulin. 

Fic. 2. Photomicrograph (X20) of deposit from the evaporation of Na2SO, solution under 
infrared irradiation on 5 ugm./cm.? VYNS film after wetting film with 5% insulin solution. 
_ Fic. 3. Electron micrograph (X10*) of a deposit of cobalt 1-nitroso-2-naphthol on VYNS 
film produced by vacuum distillation. Deposit superficial density 1.2 ugm./cm*. 

_ Fic. 4. Electron micrograph (X10*) of a deposit of nickel dimethylglyoxime on VYNS 
film produced by vacuum distillation. Deposit superficial density 5 ugm./cm?. 
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A more evenly spread deposit is obtained (9) if the surface of the film is 
rendered hydrophylic, e.g. by treatment with a solution of a protein such as 
albumen or insulin (10, 11). Under these conditions the deposit is distributed 
over a wider area, and is more uniform in a macro sense. This is clearly seen 
in Fig. 2, a photomicrograph of a sodium sulphate deposit (~100 ugm./cm.?) 
produced after insulin treatment of the film. However the actual crystal 
sizes obtained are still quite large and very variable (several millimeters long 
and 30 to 100 uw in diameter). The disadvantages of methods involving the 
freeze drying of solutions have already been discussed. 

An improved method of source preparation is therefore desirable, par- 
ticularly for use with very low energy particle emitters, and we find the vacuum 
distillation of solid source material directly on to the film, using compounds 
with large organic groupings, to be a suitable procedure. As a method of 
producing thin even layers of metals and salts, this procedure is of course 
both of long standing and of widespread employment (8). Its use in this 
laboratory to coat VYNS source-mounting films with gold has already been 
described (15). Further it has already been used to mount radioactive materials 
both for beta-spectrometry (10, 19) and in 4x-counters (6, 21). However no 
regular use of it nor any attempt to employ it in the present way for self- 
absorption studies has been reported. 

The distillation apparatus used by us is shown diagrammatically in Fig. 5. 
The furnace consists of a vacuum jacket of pyrex glass containing a platinum 
crucible A. This contains a charge C of radioactive material to be distilled, 
and is heated by means of a radio-frequency generator and work-coil B. 
This coil consists of 12 turns of number 20 gauge copper wire, coated with 
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Fic. 5. Vacuum distillation furnace (diagrammatic). 
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teflon in order that the insulation between turns might be unaffected by 
heating (by radiation from the interior of the furnace) to 200° to 300°C.* 
The crucible temperature is measured by means of a Chromel—Alumel thermo- 
couple D and millivoltmeter. 

The crucible is supported by an aluminum mount E, from which it is 
however thermally insulated by means of a mica ring. The mount allows the 
source-mounting gold-coated VYNS film to be positioned accurately 0.5 mm. 
from the mouth of the crucible. The lower end of the furnace is connected, 
via two traps in series cooled with liquid nitrogen to remove any activities 
carried in the gas phase, to a rotary pump capable of maintaining a pressure 
in the apparatus of 0.1 «» Hg. The exhaust from the pumping system was 
finally vented into the fume hood as a further precaution. Controlled crucible 
temperatures up to 1000°C. are at present attainable, and a 10 ugm./cm.? 
VYNS mounting film shows no sign of deterioration in proximity to the hot 
crucible under vacuum for 10 min. The crucible is cooled very nearly to room 
temperature before the system is opened, by venting a small air leak above the 
furnace and allowing air to be pumped past the hot surfaces. It is found that 
with this design of furnace, transfer of material from the crucible to the film 
is very nearly 100% quantitative. ; 

Of the materials that can successfully be distilled with the temperature 
range ard pressure at present available to us, compounds containing large 
organic ;,roupings, e.g. aromatic compounds and especially chelate compounds, 
have been found to be the most suitable. Such compounds can readily be 
prepared for most radioactive species, are frequently found to be readily 
volatile in vacuo at moderate crucible temperatures, and produce a deposit 
of which the mass and composition do not alter appreciably on exposure to the 
atmosphere. 

Provided that reasonable temperature control is maintained during the 
distillation, charring of organic materials is not a problem. These compounds 
are generally of low mean atomic number with consequently low radiation- 
scattering characteristics, and also frequently exhibit optical absorption 
bands in the visible region. The latter are useful in the analytical applications 
to be discussed later. 

As examples of the compounds used in specific cases, we may cite those on 
which we have already obtained preliminary results, namely nickel dimethyl- 
glyoxime for Ni®*, benzidine sulphate for S**, and cobalt 1-nitroso-2-naphthol 
for Co®, the Z values being respectively 4.19, 4.91, and 4.48. For the remainder 
of this paper, we will illustrate the techniques used mostly with data for 
nickel dimethylglyoxime, but much of the discussion is equally applicable in 
the case of other compounds also. 

Nickel dimethylglyoxime is prepared (using microchemical techniques where 
necessary) according to the customary gravimetric analytical procedure, 
namely by the addition of alcoholic dimethylglyoxime and dilute ammonia 
to a warm slightly acid nickel solution. The precipitate is washed with warm 


*The authors are indebted to Mr. S. Fromson of Canadian Vickers Lid. who prepared the wire 
from which the induction coil was made. 
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water, and then transferred to the distillation crucible as an aqueous or CCl, 
slurry. It is reslurried with CCl, and dried between distillations to re-establish 
thermal contact with the crucible. Distillation commences at a temperature of 
120°C. under 1 » Hg pressure. 

The progress of the distillation can be followed for the first hundred micro- 
grams of deposit by observation of the changing interference colors viewed 
from the reverse side of the film. These are quite brilliant even for compounds 
which are colorless by transmission. The distillation can be arrested at any 
time by admission to the apparatus of a small quantity of air via the leak 
referred to earlier. 

In Fig. 6 are compared the optical absorption spectra obtained with a 
Beckman DU spectrophotometer from a colloidal solution of nickel dimethyl- 
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Fic. 6. Optical absorption spectrum of nickel dimethylglyoxime in the form of an aqueous 
colloidal solution protected by gelatin, and of the deposit after vacuum distillation. 


glyoxime, and from the same compound as a deposit on VYNS film after 
distillation by the procedure outlined above. It is seen that the two are 
essentially identical (except for evidence of light scattering by the colloidal 
solution) indicating that the distillation process does not cause any significant 
decomposition. 

Optical absorption on the 545 my peak is found in the deposit to be in 
accord with Lambert's Law for superficial densities up to about 150 ugm./cm.?, 
and spectrophotometry may be employed to examine the thickness, evenness, 
and dimensions of the deposit. Fig. 7 shows a series of profiles or cross-sections 
of nickel dimethylglyoxime deposits of increasing superficial density, also 
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Fic. 7. Profiles of nickel dimethylglyoxime deposits of increasing superficial density, 
recorded with a slit width of 0.1 mm., and a wavelength of 545 mu. 


measured on a Beckman DU spectrophotometer. For these measurements the 
instrument was modified so that a micrometer screw and vernier scale con- 
trolled the movement of the film and deposit across the light path, and the 
slit was masked down to a length of 2 mm. at right angles to the direction of 
motion and a width of 0.1 mm. The transmission scale of this figure is logarith- 
mic, so that vertical distances on this plot are proportional to deposit thick- 
ness. 

It is seen that the diameter of the deposit does not alter sensibly with 
increasing superficial density, and profiles measured mutually at right angles 
show that the deposit is circularly symmetrical. Further, while the deposit 
departs considerably from the ideal of a right cylinder, the form of the profile 
is essentially constant with increasing thickness, and the mass of the deposit 
is nearly proportional to its effective superficial density for self-absorption 
purposes. 
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The microstructure of the deposit is shown in Figs. 3 and 4. These are 
electron micrographs of cobalt 1-nitroso-2-naphthol and nickel dimethyl- 
glyoxime deposits of 1.2 and 5 wgm./cm.? superficial density respectively.* 
These pictures are representative of several taken over different areas of 
deposit all showing a uniform distribution of crystals of about 1 u in diameter. 
A single crystal layer is completed apparently at about 5 ugm./cm.? and the 
same crystal size is maintained throughout the completion of several crystal 
layers. 

(b) Estimation of Self-absorption 

The method of self-absorption estimation used in conjunction with the 
proposed source preparation technique is essentially similar to the conven- 
tional technique used with end-window counters. That is, the apparent source 
specific activity is plotted as a function of source superficial density, and 
extrapolated to zero superficial density to obtain the true specific activity. 
The major difference is that when using a 4x-counter, instead of milligrams of 
source material, one has frequently a few micrograms, which must be meas- 
ured with an accuracy of better than + 0.5 to 1%. 

It is probable that direct spectrophotometric measurements on the deposit 
as outlined above, or direct weighing with a balance of the necessary sensitivity, 
could be made into a satisfactory procedure for superficial density determina- 
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*The authors are indebted to Dr. A. W. Tickner of the Applied Chemistry Division, N.R.C., 
Ottawa, for use of electron microscope facilities. 
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tion. However in the case of nickel dimethylglyoxime we have found it more 
convenient to measure the apparent disintegration rate for each source pre- 
pared, and then to dissolve the deposit off the film with 1 N hydrochloric acid 
and determine the nickel colorimetrically by the procedure of Mitchell and 
Mellon (13), which can be made sensitive to 0.04 ugm. Ni. The efficiency of 
dissolution of the deposit from the film can be checked by drying the film 
again and making a second activity measurement in the counter. The activity 
found is generally a negligibly small fraction of the total originally deposited. 

The results of such measurements on Ni®* beta-radiation and nickel di- 
methylglyoxime sources are shown in Fig. 8 for source superficial densities up 
to 250 ugm./cm?. 


C. DISCUSSION 


Ni®’ beta-radiation with an end-point energy of 67 kev. is the softest radia- 
tion studied in the present series of papers, and is with few exceptions as soft 
as any radiation liable to be encountered in 4x-counting work. It therefore 
forms a good test of any method for determining self-absorption losses, since 
absorption is at a maximum, the quantities of material handled are at a 
minimum, and any irregularities or irreproducibility .of source material 
structure will produce a maximum scattering in the experimental data. 

The data of Fig. 8 indicate that the proposed method of preparation pro- 
duces sources in which self-absorption effects are satisfactorily reproducible. 
We have fitted to the data the self-absorption function given by Gora and 
Hickey (4) for a 2x-steradian geometry (which will be identical for a 4z- 
steradian geometry). This function was derived by integrating over a solid 
angle of 2m steradians the radiation intensity observed from a source of given 
thickness, making the usual assumption that absorption of beta-radiation is 
exponential with thickness. It is observed that the fit to our data is satisfactory 
above about 30 uwgm./cm.? and up to at least 250 ugm./cm.? source superficial 
density. Our value of self-absorption coefficient, 0.87 cm.?/mgm., is in reason- 
able agreement with the value predicted for a 67 kev. 6-emitter by Baker and 
Katz (1), on the basis of self-absorption measurements on more energetic 
8-emitters in a rough approximation to a 42-steradian counting geometry. 

The anomalous absorption effects observed at superficial densities below 
30 uwgm./cm.? we interpret as due to the finite crystal size of the source material. 
The method of plotting the data in Fig. 8 assumes that the method of source 
preparation results in a completely uniform distribution, whereas as is seen 
from Fig. 3 sources of very low apparent superficial density consist of well 
spaced crystals. Thus the true superficial density of the source material, i.e. 
of the crystals, is considerably greater than that measured. It is not until 
several crystal layers are built up that the measured superficial density 
approaches that of the source material proper, and regular self-absorption 
behavior is observed. Unlike the case with low-geometry counters, where 
self-scattering interferes (1, 2, 7, 14, 24), extrapolation of the curve obtained 
above 30 ugm./cm.? to zero superficial density, as indicated by the broken 
line in Fig. 8, is expected to lead to the correct specific activity figure. 
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We consider that the extrapolation as indicated or any other method of 
extrapolating the data presented will lead to a disintegration rate accurate to 
probably +1%. This accuracy will improve with increasing energy of radia- 
tion, both since absorption effects are smaller and since the regular behavior 
referred to above will commence at relatively lower superficial densities. 
This will result in experimental points nearer the specific activity axis and 
hence a more accurate extrapolation. Further publications dealing with 
extension of these methods to emitters of more energetic radiation will eluci- 
date this point. 

As in the case of film absorption discussed earlier (17), the availability of a 
series of self-absorption curves for sources of emitters of a range of radiation 
energies, mounted by the method suggested above (i.e. using materials of low 
and relatively constant Z), would allow a self-absorption correction to be made 
for any source encountered in routine work. Such a set of curves could be 
checked as suggested by Smith (23), if the series of radiation emitters included 
several amenable to coincidence measurements. The extent of beta self- 
absorption could then be measured directly for each source thickness prepared. 

However such a generalized means of correction is necessarily an approxi- 
mation, owing for instance to changes in radiation energy spectrum from 
nuclide to nuclide. For the most accurate working a plot and extrapolation 
such as in Fig. 8 will need to be made. 
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RECOMBINATION OF RECOIL FRAGMENTS IN NEUTRON- 
IRRADIATED POTASSIUM CHROMATE! 


By A. G. Mappock AND M. M. DE MAINE? 


ABSTRACT 


The kinetics of the process whereby the retention increases on heating 
previously neutron-irradiated potassium chromate have been investigated. 
The results cannot be explained by any unimolecular or bimolecular mechanism, 
nor by a combination of a few such steps. The data are not compatible with the 
commoner diffusion-controlled mechanisms. Experiments on solid solutions of 
potassium chromate in potassium fluoberyllate suggest that the process involves 
the recombination of the fragments from individual rupture events. A tentative 
hypothesis, analogous to the theory of the formation of very thin oxide films on 
metals, is advanced and it accounts for all the existing data. 


INTRODUCTION 


The salts of the oxy-anions, such as potassium chromate, are among the 
simplest compounds in which it is possible to study the chemical effects of 
radiative thermal neutron capture. Potassium permanganate was one of the 
first compounds in which these reactions, known collectively as the Szilard- 
Chalmers’ Effect, were investigated (1). The nature of the fragments formed by 
the recoil following the dissipation of the excitation energy of the compound 
nucleus formed by thermal neutron capture, in one or more photons, has been 
studied (13). Libby proposed that the metal—oxygen bonds in those oxy- 
anions containing a normally electropositive central atom are broken hetero- 
lytically. Thus the recoil fragments formed in the permanganate include 
MnO;*, MnO,*, MnO;*5, and possibly Mn*? together with O-? ions. The most 
convincing argument in favor of these fragments was based on the observation 
that upon solution of the irradiated permanganate in very alkaline solutions 
nearly all the activity was found as permanganate. 

Since it is inconceivable that a species could be produced which could be 
oxidized to the heptavalent state by water, the observation suggests that the 
fragments all contain heptavalent manganese. An alternative explanation is, 
however, possible. The fragments may be able to undergo rapid exchange 
with permanganate ions in very alkaline solution. For example, this might 
be the case for a fragment containing pentavalent manganese, and giving 
MnO," in alkaline solution. 

On Libby’s hypothesis, the chromates should give CrO;, CrO,*?, CrO*‘, 
and possibly Cr+® ions. When the irradiated chromate crystals are dissolved 
in water prior to analysis, these fragments react with the water through hydra- 
tion or reduction to give radioactive chromate and chromic ions respectively. 

The first two of the fragments suggested by the hypothesis for the chromates 
are known to hydrolyze to chromate ions without reduction. But CrO*‘ 

1Manuscript received December 27, 1955. 

Contribution from The University Chemical Laboratories, Pembroke Street, Cambridge, 
England. This paper was presented at the Symposium on Nuclear Chemistry and Radiochemistry 
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*Lately Miss M. M. Moodie. 
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and Crt® may be reduced before hydrolysis can take place. The fraction of 
the radioactive chromium found as chromate after solution is called the 
retention. Further investigations (2, 6, 7, 10, 12, 14) have been unsuccessful 
in the rigorous confirmation of Libby’s hypothesis, but on the other hand it 
is not contradicted by any of the experimental evidence. 

The proportions of the different kinds of fragments appear to depend on 
the nature of the crystals used. For instance different retentions are found 
for anhydrous lithium, sodium, and potassium permanganates (14). There is 
also evidence that the retention in irradiated crystals depends on the mean 
recoil energy, and may therefore be different for different isotopes formed by a 
single neutron irradiation (9, 15). 

Although the identities of the fragments are still in doubt, it has proved 
possible to study some of their reactions in the irradiated crystals. It is now 
clear that these studies constitute a new and valuable chemical approach to 
the investigation of lattice abnormalities and reactions in the solid state. 

It was discovered by Williams (18) that the retention in antimony penta- 
fluoride and ammonium fluoantimonate was increased when the neutron- 
irradiated crystals were subsequently irradiated with ionizing radiation. 
A similar effect has been observed with potassium chromate and a preliminary 
study of the kinetics of the process suggests a unimolecular process (10). 

A similar thermal annealing process was discovered by one of the authors 
(11), and has since been shown to be quite general (4, 8, 10, 14, 15). A similar 
study of the kinetics of the process in potassium chromate crystals led to the 
conclusion that a very complex mechanism was involved (10). More recent 
work by Zuber (19), using cobaltic tris-ethylene diamine nitrate, was analyzed 
in terms of two unimolecular processes with energies of activation of 25+5 
kcal. and 20+5 kcal. 

The chemical nature of the thermal annealing process has been discussed 
by one of the authors (10). It might consist of a simple recombination of the 
original fragments, which are seldom separated by many lattice units. 
Alternatively, reactions may take place with nearby inactive chromate ions. 
Thus *CrO*4 + CrO;? — *CrO,*+? + CrO; converts a reducible species, 
*CrOt‘, into an hydrating *CrO,*? species; and a radioactive chromium 
atom previously destined to form a chromic ion upon solution will give rise 
to a chromate ion. Finally it is conceivable that purely electronic reactions 
are involved. 

It seemed possible that one of these alternatives might be discarded if the 
behavior of irradiated homogeneous mixed crystals of potassium chromate and 
potassium fluoberyllate were examined. 

A number of very careful measurements of the variation in the retention 
with the time of heating of crystals of pure potassium chromate and of mixed 
chromate — fluoberyllate mixed crystals have been made. 


EXPERIMENTAL 
A. Irradiation 
The neutron irradiations were all carried out in a carbon stringer in the 
thermal column in the Harwell Graphite Pile shield. All samples for irradiation 
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were pumped on a high vacuum line for about an hour before they were sealed 
off, still under high vacuum, in quartz ampoules. 

The combined neutron and radiation doses received by the samples are not 
accurately known, but an indication is given in the PFW factor. The nominal 
flux of the pile given by the Harwell Isotope Office in units of 10" neutrons/ 
cm.?/sec. is multiplied by the number of weeks spent by the samples in the 
pile at that flux to give the radiation dose in units of PFW or pile-factor- 
weeks. 


B. Materials 


Analytical reagent quality potassium chromate was used without further 
purification. 

Potassium fluoberyllate was made by dissolving a molecular weight of 
beryllium carbonate in 4.5 molecular weights of hydrogen fluoride (17). 
An aqueous solution of two molecular weights of potassium carbonate was 
slowly added. The water and excess hydrogen fluoride were evaporated by 
gentle heating and the fine crystalline potassium fluoberyllate product was 
recrystallized twice from water. 

Mixed crystals of the isomorphous potassium chromate and potassium 
fluoberyllate were made by preparing an aqueous solution 97% saturated at 
20°C. with potassium chromate, and then saturating this solution at the 
boiling point with potassium fluoberyllate. The mixed crystals of potassium 
chromate and potassium fluoberyllate were allowed to form slowly. They 
were then filtered and washed thoroughly with cold distilled water to remove 
all traces of adsorbed chromate. The crystals were dried in vacuo. 

Optical examination of the product revealed a high degree of uniformity, 
and spectrophotometric measurements on aqueous solutions made from 
weighed portions of material indicated that the mixed crystals contained 
approximately 1 mole % of potassium chromate. 


C. Analysis Method 


Neutron-irradiated potassium chromate and mixed potassium chromate — 
potassium fluoberyllate crystals were analyzed by the method devised by 
Green, Harbottle, and Maddock (10). The irradiated solid was dissolved in 
an acid solution containing chromic and chromate carriers. In one aliquot, 
lead chromate was precipitated and dissolved to provide a solution which 
gave a measure of radioactive chromate. Sodium hydroxide — peroxide treat- 
ment oxidized chromic ions to chromate, and measurements on the solution 
of the lead chromate precipitate gave a measure of the total chromium 
activity. 


D. Measurement of Radioactivity 

The 325 kilovolt gamma-ray of Cr*! was counted by the use of a sodium 
iodide — thallium activated scintillation crystal and an adjacent photo- 
multiplier tube to record the gamma-ray scintillations (3). The pulses from 
the tube were amplified and fed into a dual-discriminator anticoincidence 
pulse-height analyzer (5). Aliquots of the solutions were counted in an annular 
polythene vessel which surrounded the cylindrical crystal. 
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RESULTS 

The results are given as values of the retention. In previous work an in- 
sufficient number of values were obtained to permit a detailed study of the 
kinetics of the recombination reactions. 

For potassium chromate irradiated for one week at a pile factor of 0.1, an 
average retention value of 69.1% was obtained. No change in this value 
was detected in material kept in air at room temperature for periods up to 
four months. 

In Fig. 1 are given plots of the average retention values versus heating 
time at temperatures where a full range of determinations were made. During 
the first four hours, heat increases the retention quite rapidly to a value 
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Fic. 1. Retention values versus time of heating at the temperatures indicated for potassium 
chromate irradiated for one week at pile factor of 0.1. 


characteristic of each temperature. At times approaching a week, the effect 
has slowed to about a one per cent change per day. Fig. 2 shows that heat 
treatment at two different temperatures produces additive effects and that the 
retention value at which the rapid retention change ceases depends on the 
temperature of heating. Identically irradiated samples were heated in vacuo 
and in air. No differences in retention values were noted. 

Potassium chromate — fluoberyllate mixed crystals irradiated for one week 
at pile factor 0.1 showed a 25.8% retention. Subsequent heating at tempera- 
tures similar to those used for the potassium chromate effected retention 
increases up to approximately eighty-five per cent. The heating curves 
for pure chromate and for the mixed crystals had a similar form, except 
that in the latter case the rate of retention increase ‘‘leveled-off” in approxi- 
mately a quarter of the time. 


DISCUSSION 


Two questions are posed by these observations: the identity of the reacting 
species and the kinetic description of the process. The data does not provide 
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a real answer to the first of these questions; but the observation that the 
retention increases upon heating in a similar way in both irradiated potassium 
chromate and in irradiated dilute solid solutions of potassium chromate in 
potassium fluoberyllate suggests that the process does not involve the reaction 
of the ‘‘active’”’ fragments with adjacent chromate ions but that it is due to 
recombination of the fragments following neutron capture. A reaction be- 
tween a fragment destined to form a chromic ion upon solution (e.g. CrO+*) 
and a fluoberyllate anion could conceivably produce a species which hydro- 
lyzes to a chromate ion; but this appears to be a less likely explanation. 

If it is supposed that the fragments formed by neutron irradiation are those 
suggested by Libby’s hypothesis (13), and if it is assumed that Crt® ions 
could barely avoid electron capture for very long in the potassium chromate 
lattice, the reaction must be CrO*4 + O-? — CrO,+?. 

Inspection of Fig. 1 shows that the process does not proceed by a simple 
unimolecular process, corresponding to the recombination of the fragments 
from individual eruptions, or by a bimolecular process such as would be found 
if the fragments from different primary events were as close to each other on an 
average as those from the same event. At each temperature the retention 
increases at first rapidly, and then more slowly until it reaches a nearly steady 
value after about six hours. With prolonged heating of the irradiated material, 
it can be shown that the retention continues to increase very slowly until it 
reaches 100%. 

Zuber (19) has interpreted similar results in terms of two unimolecular 
processes. Two combinations of unimolecular processes are possible. If a 
single type of chromium fragment were liable to two processes leading to an 
increase in the retention, each characterized by a different activation energy, 
the kinetic behavior at any one temperature would be indistinguishable from 
that of a single unimolecular process. If, however, there were two kinds of 
chromium fragment, perhaps differing only in lattice situation, each with its 
characteristic activation energy for the process leading to an increase in the 
retention, thena plot of the logarithm of the proportion of unaffected fragments 
versus the time of heating should be capable of analysis into two linear 
portions. With this model, the second linear portion of the curves at different 
temperatures should extrapolate through a single point on the axis of the 
ordinate. This point would correspond to the proportion of the type of frag- 
ment responsible for the slower process and originally present in the irradiated 
crystals. These suppositions are obviously not true for the curves shown in 
Fig. 3. 

These results cannot be interpreted in terms of even a small number of 
unimolecular processes. They are not compatible with a small number of 
bimolecular processes. 

It might, however, be possible to interpret these results in terms of com- 
peting reactions. For instance, it is possible that the labile chromium fragments 
are liable to two reactions, one converting them to a chromate-forming 
species and the other to a chromic-forming species. A much slower reaction may 
be capable of converting the product of the second of these reactions into the 
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product of the first reaction or into some similar body. If this model were 
correct, increasing the temperature after six hours heating, when the pseudo- 
equilibrium retention is reached, should have little effect on the retention 
except for the very slow process. In fact, Fig. 2 shows that the retention 
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Fic. 2. For potassium chromate irradiated for one week at pile factor of 0.1; plots showing 
retention values in per cent versus heating time for material heated first at 468 °K. or 498 °K. 
and then at 517 °K. compared to the values for material heated only at 517 °K. 
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_Fic. 3. For potassium chromate irradiated for one week at pile factor of 0.1; plots of the 
difference between the limiting retention value (Rq ) and the retention at time ¢ (R:) on 
a logarithmic scale, versus the time of heating. 


quickly rises to the pseudo-equilibrium value appropriate to the new tem- 
perature. The progress of this change is similar to that in the initial process. 
This behavior is not compatible with the explanations already proposed in 
connection with Fig. 1, which are based on the assumptions of competing 





reactions. Retention changes are irreversible and are always in the direction 
of increasing retention. Subsequent cooling thus does not lead to reduction. 

The nature of the process is indicative of a diffusion-controlled mechanism. 
Under certain circumstances this may lead to a parabolic or third order 
dependence on the time. Fig. 4, however, shows that no such power relation 
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Fic. 5. For potassium chromate irradiated at pile factor 0.1; plot of the retention change 
effected by 20 hr. of heating versus the reciprocal of the absolute temperature of heating. 
Fic. 6. -For potassium bromate (8); plot of the retention change effected by the stage of 
heating during which the retention increase was rapid, versus the reciprocal of the absolute 
temperature of heating. 
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For potassium chromate irradiated{for one week at pile factor 0.1; plot of the 
percentage of the maximum retention change which has been effected versus the heating time 
in hours, on a logarithmic scale, for the heating temperatures indicated on the right of the 
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between the extent of the reaction and the time of heating exists. Other relations 
have been derived for a mechanism involving a small number of diffusion 
jumps, but none of these predicts the pseudo-equilibrium after a few hours 
heating at each temperature which appears to be so characteristic of the 
process. 

It is noteworthy that a simple linear relation is found between the change 
in retention from the zero-time value to the pseudo-equilibrium value and 
the reciprocal of the absolute temperature of heating. Fig. 5 shows the results 
obtained in this investigation and Fig. 6 shows the only other data in the 
literature that is sufficiently extensive for this type of treatment (studies 
made on irradiated potassium bromate (8)). 

With regard to the identification of the reaction responsible for these effects 
which have just been discussed, it is interesting to inquire as to the type of 
kinetic behavior which would be predicted for such a process. The hypothesis 
postulates that a single reaction is involved: the recombination of active 
CrO+t fragments with the oxygen ions that they lost upon formation. As the 
fragments do not recombine at an appreciable rate at room temperature, it 
must be supposed that the process has an activation energy, U. The CrO*# 
and oxygen ion fragments will be supposed to be separated by various dis- 
tances, X. With their opposite charges they will be electrostatically attracted 
and thus the effective energy of activation for the recombination process will 
be reduced. 

The process now becomes analogous to the growth of the very thin oxide 
films treated by Mott (16). The rate of recombination at time ¢ after com- 
mencement of heating will be given by the product of two terms, 


dR/dt = e—U/*T eVikTx, 


where X is the smallest separation of the fragments at time ¢, T is the absolute 
temperature, k is Boltzmann’s constant, and V will involve the charge on 
fragments, dielectric constant, and other terms. Now a relation between R 
and X appears to exist. 

Suppose that all the chromium fragments are placed at some common 
origin and their oxygen ion partners will be strung out in a line drawn from 
this origin. None will be closer than some separation of Xo as all at smaller 
distances will be assumed to recombine immediately after formation to give 
rise to the zero-time retention of Ro. None will be farther away than some 
value X,, since the initial recoil can effect such a maximum separation. As R 
changes from Ry to 100% by heating, the oxygen ions with separations ranging 
from X» to X,, will recombine with their partners. If the oxygen ions are 
uniformly distributed between Xo and X,, the change in retention will be a 
linear function of X. 

dR/dt = e~U'/*T eV /*T‘SR*S) where AR is the retention and S is some constant 
term. 

This expression cannot be integrated simply but it does fit the data reported 
above and it explains all the salient features of this data. The kinetic aspects 
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of the increase in retention on heating are therefore analogous to the formation 
of the very thin oxide films. When heating is begun, AR is small and the second 
term in the expression for dR/dt is large and dominates the rate of reaction. 
As AR increases the second term soon becomes approximately unity and the 
rate of retention increase is then determined by the first term which will be 
small if U is large. This corresponds to the ultimate very slow increase in 
retention. 

Suppose we consider that the second term becomes effectively unity 
when V/kT(AR, + S) = a. This expression will then relate AR,, the pseudo- 
equilibrium change in retention to the temperature of heating, 7. It also 
accounts for the experimentally observed linear relation between 1/T and 
AR,. 

A more detailed development of this model for the thermal recombination 
process and its relation to the kinetics of some of the processes in solids will 
appear in a subsequent publication. 
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THE SOLVENT EXTRACTION OF PROTACTINIUM! 


By A. GoBLE, J. GOLDEN, AND A. G. MApDDpOcK 


ABSTRACT 


The variation of the experimental extraction coefficient for protactinium 
upon dilution of the solvent ketone with benzene has been determined for 
aqueous solutions at constant concentration of hydrochloric acid. The bromo 
complex has been shown to be far less readily extracted. The effects on the 
extraction of the nitrate complex by amyl acetate, of the nitric acid, of the 
nitrate and hydrogen ion concentrations in the aqueous phase, as well as of the 
dilution of the solvent with benzene, have been explored. The existence of a slow 
reaction in the extraction has been demonstrated. It is concluded that chloride 
solutions are the more reliable for the isolation of protactinium from concentrates. 


Several observations on the extraction of the complex chlorides and nitrates 
of protactinium from aqueous solutions by organic solvents have been reported. 
The earliest of these to become generally available were two very brief docu- 
ments declassified by the United States Atomic Energy Commission in 1948 
(6, 7). No details were included in these notes. However, a few quantitative 
observations on the extraction of protactinium, by 2,2’-dichlordiethyl ether, 
from aqueous solutions containing various concentrations of chlorides and 
hydrochloric acid, and for eight other solvents under fixed conditions in the 
aqueous phase, appeared in the following year (5). 

Until quite recently the only additional information to appear was the 
description of the extraction by tributyl phosphate, diisopropyl! carbinol, and 
diisopropyl ketone contained in a brief report on the separation of natural 
protactinium due to Elson et al. (1). A great deal more information became 
available with the publication of Volume 14A of Division IV of the National 
Nuclear Energy Series. Few of the original papers quoted in this volume 
(8-19) are available in England. Many of the investigations refer to extraction 
from solutions at moderate or high salt concentrations. Some early work by 
Yaffe et al. (19) on the extraction by ketones, and by a number of later workers 
on tributyl phosphate (17, 8), are mentioned. Various investigators have 
made use of solvent extraction in the separation of natural protactinium 
from refinery residues (14, 18). Cyclic procedures for this purpose have been 
made possible by Kraus and Garen’s discovery that the extraction could be 
suppressed by fluoride ion, but again became possible when the free fluoride 
was complexed by aluminum ions (11). The most extensive studies reported, 
however, refer to the extraction by diisopropyl ketone from nitrate solutions 
(9, 10). Hyde and Wolf have shown that extraction by diisopropyl ketone 
is possible from simple solutions in.nitric acid. They have studied the varia- 
tion of the percentage extraction with the concentration of acid and also 
with the concentration of additional nitrate ions at constant acidity. Kraus 
and Van Winkle (13) are reported to have extended these studies to chloride 
systems and a few of their results are tabulated in Volume 14A. Diisopropyl 

1 Manuscript received December 12, 1956. 

Contribution from the University Chemical Laboratory, Pembroke Street, Cambridge, England. 


This paper was presented at the Symposium on Nuclear Chemistry and Radiochemistry held at 
McGill University, Montreal, Que., September 7-9, 1955. 
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carbinol is alleged to be preferable in some respects to the ketone but no 
quantitative information has been published (16, 15). Mention is also made 
of the extraction of protactinium by amyl acetate (Volume 14A, p. 126) but 
the reference quoted appears to be erroneous. Two years ago, before the above 
information became available, a detailed study of the solvent extraction of 
protactinium was commenced in connection with a program for the separation 
of a quantity of natural protactinium. The results are more extensive than 
and, in some respects, different from those reported in Volume 14A of the 
National Nuclear Energy Series. Part of the results referring to chloride 
solutions will appear elsewhere (3). In this paper some additional data on 
chloride solutions will be presented together with some observations on 
nitrate solutions. 

Kraus and Van Winkle (13) have concluded that chloride solutions are 
preferable for work with natural protactinium and that their behavior is 
generally more reproducible than that of nitrate solutions. A number of experi- 
ments in the exploratory stages of this investigation led to the same con- 
clusion but some quantitative investigation of the nitrate system seemed 
desirable. 


EXPERIMENTAL 
Materials 

The benzene and amyl acetate were analytical reagent quality solvents and 
were not redistilled before use. The diisobutyl ketone was a technical quality 
material but was purified by fractional distillation. The fraction used boiled 
between 166° and 168°. The commercial manufacture of diisopropyl ketone 
ceased during this investigation and the material used was prepared by the 
careful oxidation of 2,4-dimethylpentane-3-ol with cold potassium dichromate. 
The product was purified by fractional distillation and the fraction boiling 
between 124° and 126° was used. 

All the experiments were conducted with natural protactinium. The separa- 
tion of the stock material will be described elsewhere (2). The final purification 
was conducted with solvent extraction cycles using diisopropyl ketone and 
chloride solutions (3). The product was stored in solution in 6 N hydrochloric 
acid in a polythene vessel. The stock solution contained about 1 mgm./ml. 
of protactinium. Spectroscopic analysis showed that less than 2% of impurities 
was present (2). 

Procedure 


The solutions of the solvents in benzene were made up by volume. In all 
cases one milliliter volumes of solvent and aqueous phases were used. The 
aqueous phases were prepared by the addition of a standard aliquot of the 
protactinium stock to a much larger volume of solution made up to contain 
the desired concentration of acid and, in some cases, salts. The acidity of the 
resultant solution was redetermined by titration of an aliquot. 

Losses of material by adsorption, or possibly ion exchange, on the walls of 
the containers were greatly reduced by the almost exclusive use of polythene 
vessels. These and other precautions are described elsewhere (3). Equilibration 
was achieved by the agitation of the snap-closure polythene capsules, used to 
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contain the mixture, in a vigorous mechanical shaker for 10 min. No attempt 
was made to thermostat the mixture, since previous work on the chloro 
complexes only showed an extremely small temperature coefficient (3). Room 
temperature varied between 18° and 22°. 

The protactinium was estimated by the measurement of its alpha activity 
in the two phases. Suitable aliquots from each phase were evaporated onto 
copper or aluminum foils and counted under a scintillation counter with 
standard geometrical conditions. Care was taken to check the activity balance 
and losses were kept below 1%. 


Results 

The effect of dilution of the solvent with benzene was investigated in 6 and 
8 N hydrochloric acid solutions with diisopropyl ketone and at the latter 
acidity with diisobutyl ketone. The diisopropyl ketone solutions were pre- 
equilibrated with the 8 NV hydrochloric acid before use. The results are shown 
in Fig. 1. 
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Fic. 1. Variation of n, the apparent extraction coefficient or ratio of protactinium in the 
organic and aqueous phases, with the molarity of the ketone in the benzene solution extractant. 


A comparison of the behavior of the chloro and bromo complexes was made 
using diisopropyl ketone as solvent. The hydrobromic acid stock used was 
prepared by re-extracting a ketonic solution of the chloro complex with dilute 
hydrobromic acid and adjusting to 6 N in hydrobromic acid after separation. 
The original extraction was made from a sufficiently dilute acid solution to 
avoid any appreciable extraction of hydrochloric acid by the solvent. The 
results are shown in Fig. 2. The solvent was not pre-equilibrated with the 
various concentrations of acid used. 

The extraction of protactinium from nitric acid or nitrate solutions by amyl 
acetate was found to increase with the time allowed for equilibration. Measure- 
ments were made at the end of the usual 10 min. agitation and also following a 
similar agitation after varying periods of time in quiescent contact. The 
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Fic. 2. Variation of the percentage extraction with the normality of hydrochloric or hydro- 
bromic acids in the aqueous phase. Solvent: diisopropyl ketone. 
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nitric acid stock was prepared in a similar manner to the hydrobromic acid 
solution. The results are shown in Figs. 3 and 4. In each case the solvent was 
pre-equilibrated with the appropriate concentration of acid before admixture 
with the active solution. The effect of the dilution of the amyl acetate with 
benzene was also studied after varying periods of equilibration. The results 
are shown in Fig. 5. 
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_Fic. 4. _Relation between 7, the apparent extraction coefficient, and the concentration of 
nitric acid in the aqueous phase at various times. Solvent: amyl acetate. 
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Fic. 5. Relation between », the apparent extraction coefficient, and the molarity of amyl 
acetate in the benzene solution extractant at different times. The aqueous phase was in each 
case 5.75 N nitric acid. 
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The effect of change in the acidity of the aqueous phase was studied at 
constant total nitrate concentration and approximately constant ionic 
strength by using various mixtures of nitric acid and ammonium nitrate. 
Measurements were made after various times of contact. The solvent was not 
pre-equilibrated with the aqueous phase before addition of the active solutions. 
The results are shown in Fig. 6. 

Finally the effect of increasing the nitrate concentration at constant acidity 
was studied. The influence of the time of equilibration was explored. The 
results are shown in Fig. 7. 
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Fic. 6. Relation between », the apparent extraction coefficient, and the concentration of 
hydrogen ions at constant nitrate concentration in the aqueous phase. Solvent: amy] acetate. 
All aqueous phases 6 M in nitrate. 
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DISCUSSION 


Most of the data reported above were obtained during a study of the 
separation of natural protactinium. They refer, therefore, to systems of 
empirical interest rather than to those that might be most illuminating from 
the point of view of the nature of the solvent extraction process. Thus the 
effect of only one of the relevant variables has been studied at constant ionic 
strength of the aqueous phase. A more detailed study, suitable for analysis 
in the manner developed by Irving and his collaborators (4), will appear 
shortly. 

The apparent extraction coefficients, or ratios of protactinium in the 
organic to the aqueous phases, are considerably greater for strongly acid 
solutions and diisopropyl ketone as the solvent than any previously reported 
values (13). Indeed, they compare favorably with the values for highly salted 
solutions with other solvents. Except at the highest concentrations of acid 
neither ketone showed any considerable mutual miscibility with the aqueous 
phase. Neither did they extract hydrochloric acid in appreciable amounts. 

The extraction of protactinium from hydrobromic acid only takes place at 
considerably higher concentrations than are necessary with hydrochloric acid. 
In neither case does the apparent extraction coefficient decrease again at 
concentrations of acid less than 8 N. Measurements have not been extended 
beyond this concentration because mutual miscibility becomes important. 
Unlike the majority of metals it appears that the bromo complexes are less 
stable than the chloro complexes of protactinium. A logarithmic plot of the 
apparent extraction coefficient against the concentration of acid in the aqueous 
phase is surprisingly nearly linear for both acids. The slope of these curves is 
about 14 for the hydrochloric acid and nearly 26 for the hydrobromic acid. 
These high slopes are due to the high activity coefficients of the acids in this 
concentration region, thus the slope of a similar plot using the activity of the 
acid is only 5 for the hydrochloric and about 9 for the hydrobromic acid. 
Such a result is compatible with, for instance, PaOCl.*- and H2:PaCl; as the 
principal protactinium containing species in the aqueous and solvent phases, 
respectively, ignoring solvation. 

The slopes of the plots shown in Fig. 1 are 5.2 and 4.9 for 6 and 8 N hydro- 
chloric acid for the benzene dilutions of diisopropyl ketone, and 5.0 for 8 NV 
hydrochloric acid and the benzene dilutions of diisobutyl ketone. Although 
these observations do not extend to such dilute solutions as would be desirable 
they indicate that the complexes extracted by either ketone are solvated with 
5 molecules of that ketone. It will be noted that this figure is different from the 
value, 3, previously reported for diisopropyl ketone (3). The difference has 


been shown to be due to the presence of a small quantity of diisopropyl, 


carbinol in the earlier samples of the ketone. The behavior of such mixtures 
will be discussed in a subsequent publication. 

In the amyl acetate — nitric acid system the apparent extraction coefficient 
increases with time, Fig. 3, and the nature of the extracting complex changes. 
As a result the dependence of the apparent extraction coefficient on the 
hydrogen and nitrate ion concentrations in the aqueous phase changes with 





ee 














GOBLE ET AL.: SOLVENT EXTRACTION OF PROTACTINIUM , 291 


the time of equilibration. A nearly linear relation is found between the logar- 
ithm of the apparent extraction coefficient and the concentration of acid in the 
aqueous phase, in the absence of added salts, Fig. 4. The slope of the line, 
however, changes with the time of equilibration. The extraction by varying 
dilutions of amyl acetate in benzene, Fig. 5, suggests that the number of amyl 
acetate molecules associated with the complexes does not change. The slope 
of each line is about 2.3. A similar logarithmic plot shows that the apparent 
extraction coefficient depends on the 1.9 power of the hydrogen ion concentra- 
tion after 10 min., the 2.6 power after 12 hr., and the 3.3 power after three 
days, all experiments being conducted at constant protactinium and nitrate 
concentrations, Fig. 6. The nitrate dependence, at constant acidity, however 
falls from the second power at 10 min. to independence at 24 hr. 

It is not difficult to suggest species satisfying the behavior of the protactin- 
ium after long periods of equilibration, for instance, the third power dependence 
on hydrogen ion concentration and independence of nitrate concentration 
would arise if the complex were HPaO(NO3)4 and the dominant species in the 
aqueous solution PaO.(NQO;),4*-. It is more difficult to suggest plausible 
initial species since the dependence on the second power of both the hydrogen 
and nitrate ions requires that both complex and aqueous species are either 
charged or uncharged. 

The possibility that this slow change is due to hydrolysis of the amyl 
acetate has been considered. No considerable decomposition of the ester 
takes place during the period of the experiments. Addition of acetic acid up 
to 5% has little influence on the extraction. Amyl alcohol does enhance the 
extraction but seems unlikely to be responsible for the above-mentioned 
changes. 

Both the nitrate and bromide complexes appear to be weaker and less 
readily extracted than the chloride complexes. Solutions of the former com- 
plexes in both aqueous and organic solvents more readily lose protactinium 
on the walls of containers than do the chloride complexes. These disadvantages 
taken in conjunction with the evidence of slow changes in the nitrate systems 
clearly indicate that chloride solutions are most suitable for extraction purposes. 

The work described in this paper was subsidized partly by the British 
Admiralty and partly by the United Kingdom Atomic Energy Research 
Establishment. One of the authors (J.G.) was attached to the Services 
Electronics Research Laboratory, Royal Naval Scientific Service, during the 
period of these studies, and another (A.G.) acknowledges a grant from the 
United Kingdom Atomic Energy Research Establishment. 
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THE YIELDS OF “I IN NATURAL AND IN NEUTRON-INDUCED 
FISSION OF URANIUM! 


By B. C. PUuRKAYASTHA? AND G. R. MARTIN 


ABSTRACT 


Measurements have been made, by a radioactivation technique, of the ™I 
formed in uranium by pile-neutron-induced fission, and in pitchblende by the 
natural fission of uranium. The amount found in the pile-neutron-irradiated 
uranium corresponds to a fission yield of 0.90% at mass 129. The natural 
production of I in pitchblende is discussed in the light of the mass-spectrometric 
measurements of spontaneous fission xenon made by Thode and his collaborators. 
An upper limit of 1 part in 10® can be set for the occurrence of ™I in natural 
esa The pile neutron capture cross section of I has been measured as 35 

arns. 


INTRODUCTION 


The measurement of the yield of one of the products of the spontaneous 
fission of uranium may be approached in one of two ways: by measurement of 
the activity in secular equilibrium with a known quantity of uranium, or 
by measurement of the rate of accumulation of a stable end product. The first 
method, although simple in principle, involves an extremely difficult decon- 
tamination problem in all but the most favorable cases. The second approach 
demands a degree of freedom from contamination by ‘primordial’ material 
isotopic with the substance sought which is unlikely to be attainable except 
in the case of the rare gases Xe and Kr. There is, however, a small intermediate 
class of nuclides with half-lives so long that a substantial mass of product can 
be accumulated, but at the same time short enough to ensure the complete 
absence of ‘primordial’ contamination. There are few such bodies amongst the 
products of the fission of uranium, and of these only one, ”°I, lends itself to 
estimation (by radioactivation (6)) in the extremely small amounts likely to be 
encountered. 

The procedure adopted involved: 

(a) the extraction of iodine from the sample, after addition of a known 
amount of carrier, using a method such that the chemical yield could be assessed 
in terms of the measured yield of carrier material, and 

(b) the estimation of the ?°I by neutron activation, measuring the 12.6 hr. 
1307 produced. 

The same procedure was used to estimate the yield of #°I in the pile-neutron- 
induced fission of uranium. Incidental to the main measurements are values 
obtained for the pile neutron capture cross section of #°I, and for an upper 
limit to the natural abundance of this nuclide. 


EXTRACTION OF “I FROM PITCHBLENDE 


A rough calculation showed that it would be necessary to use about one 
kilogram of pitchblende for each determination, and it was necessary to 


1Manuscript received December 14, 1955. 

Contribution from the Londonderry Laboratory for Radiochemistry, University of Durham, 
Durham, England. This paper was presented at the Symposium on Nuclear Chemistry and 
Radiochemistry held at McGill University, Montreal, Que., September 7-9, 1956. 

* Present address: Institute of Nuclear Physics, 92, Upper Circular Road, Calcutta, India. 
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extract from this a known (preferably high) proportion of its fission product 
iodine content without the addition of more than a few milligrams of carrier 
iodine. 

Two means are available to ensure that the chemical yield of carrier shall 
be equal to that of the fission product iodine (which may, initially, be in any 
one of four valency states): (i) to recover virtually 100% of both; or (ii) to 
effect complete equilibration between carrier and trace material before any 
separation is made. In the method finally adopted, it was demonstrated that 
yields of better than 98% were obtained in a preliminary separation involving 
the distillation of elementary iodine from the pitchblende solution. Since, 
during this step, a// the iodine was in the elementary form, equilibration must 
have been complete, and no fractionation of carrier from carried material 
could have occurred in the course of subsequent purification. This procedure 
was tested with small quantities of pile-irradiated pitchblende in which it 
may be assumed that the iodine resulting from neutron-induced fission is in 
the same form as that from spontaneous fission. 

The method used was as follows: 

(i) Two-hundred-gram lots of pitchblende were placed in a flask with 
about 0.1 mgm. carrier iodine in the form of potassium iodide and the mineral 
dissolved, under reflux, in nitric acid (the only reagent which satisfactorily 
attacked all our pitchblende samples). It is to be expected that during this 
process of dissolution iodide will be oxidized to elementary iodine, and some of 
this may well be further oxidized to iodate; in addition the spontaneous 
fission product iodine may, in part, have been present initially in this form. 

(ii) Nitrous fumes were removed by a current of nitrogen and a further 
0.1 mgm. of carrier iodine added. The solution was then distilled until 80% 
of the total volume had passed over. A curious feature of this process is the 
fact that, although the major part of the iodine comes over quite quickly, a 
substantial fraction distills only after about 60% of the original volume has 
come over. Table I shows a typical distribution of the activity from a sample 


TABLE I 


DISTILLATION OF IODINE FROM 1100 ML. OF 
SOLUTION OF PITCHBLENDE IN NITRIC ACID: 
DISTRIBUTION OF ACTIVITY IN DISTILLATE 

















ml. distilled % of activity recovered 
170 63 
220 8 
170 3.6 
130 2 
220 21 
910 ml. 97.6% 





of pitchblende treated in this way. Similar distributions of activity were 
obtained whether the active iodine was added as iodide, iodate, or in the form 
of neutron-irradiated pitchblende. 

The carrier iodine was normally lightly labelled with 8 day ™'I to facilitate 
the estimation of chemical yields; this activity was in any event small, and was 
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allowed to decay away before the radioactivation measurements were made. 

(iii) The iodine distilled from the pitchblende solution was trapped in 
caustic soda solution which was subsequently evaporated to small bulk, and a 
further distillation step (with nitric acid + oxalic acid) carried out. The 
distillate from this operation was trapped in carbon disulphide, from which 
the iodine was extracted by alkaline sulphite and reduced to a standard 
volume (10 ml.) for measurement by means of a liquid counter (by comparison 
with a further aliquot of the initial carrier solution). 

(iv) Four or five such operations, using 200 gm. of pitchblende, were carried 
out and the products combined for the preparation of a source for radio- 
activation analysis. 


EXTRACTION OF I FROM PILE-IRRADIATED URANIUM METAL 


The chemical problem here is a good deal simpler than in the mineral case, 
since one starts with a chemically pure material; one, furthermore, in which the 
iodine may be expected to be present in a reduced form (7). Three 5 gm. 
pieces of uranium metal which had been irradiated in the Harwell pile (‘BEPO’) 
and allowed to ‘cool’ for about one year were available. '2°I would be effect- 
ively the only remaining radioactive iodine isotope after such a period. 

The uranium pellets were dissolved, under reflux, in 50% nitric acid con- 
taining 0.5 mgm. of ™!I-labelled iodine in the form of iodate. After dissolution, 
a further 0.5 mgm. of iodine was added (also as iodate) and the solution 
diluted fivefold. Oxalic acid was then added, and the iodine distilled from the 
solution and trapped in alkali as before. The subsequent purification of the 
iodine so collected was carried out in the manner already described for the 
pitchblende samples. 


RADIOACTIVATION PROCEDURE 


The relevant neutron-induced reactions are: 
1291 (nm, y)°I (12.6 hr. 8 emitter) 
1271 (nm, y)*8I (25 min. 8 emitter) 
271 (nm, 2n)"6T (13 day B+, B- emitter). 


Neutron irradiations were made in BEPO at a flux of ~1.5X10" n./cm.?/ 
sec. for one day. Approximately 14 hr. elapsed between the end of the irradia- 
tion and the start of counting of the samples, largely accounted for by the 
time for transporting the irradiated material from Harwell to Durham. 
The 25 min. "8I had by then decayed away to a negligible level, leaving only 
the 13 day “*I to be resolved from the ™°I activity. The residual 13 day 
activity was in fact used to measure the chemical yield in the preparation of 
samples for activation analysis. In addition, small pieces of thin copper 
wire (~2 mgm. each) were simultaneously irradiated, to serve as a ‘flux 
monitor’; the “Cu activity induced in the copper, 


8Cu(n, y)*Cu(12.8 hr. B-, B+, K), 


has a half-life value so close to that of the °I activity being measured that an 
accurate knowledge of the time-dependence of neutron flux is not needed. 
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(1) Preparation of Samples for Radtoactivation Analysis 

Iodide carrier was added to the samples, sufficient to bring the total iodine 
content to about three milligrams, and the solution made slightly acid with 
hydrochloric acid. Palladous iodide was then precipitated by the addition of a 
1% aqueous solution of palladous chloride (16). The precipitate was filtered off 
on a small asbestos pad held in a constriction in 5 mm. tubing, and washed 
with a small quantity of water. The filter tube was cut, and the portion 
containing the precipitate dried thoroughly at 110°C. before placing inside a 
silica tube which was then evacuated and sealed. The end of the silica tube 
containing the palladous iodide was then heated for one hour at 370°C., 
during which time the iodine which was quantitatively liberated was distilled 
into the other end of the tube which was subsequently sealed off at a con- 
striction. The elementary iodine contained in the small silica ampoule so formed 
was sent for irradiation together with 

(a) a weighed sample of isotopically normal lead iodide, and 

(b) a weighed piece of thin copper wire, 
each being contained in similar silica ampoules, all of which were placed within 
the same aluminum capsule for irradiation. 


(it) Treatment of Iodine Samples after Irradiation 


The following sequence of operations was designed to isolate the iodine 
activity free from any possible contamination by bodies with similar half-lives 
(especially 15 hr. *4Na, 12.4 hr. “K, and Br (4.5 hr. + 36 hr.)) which might 
present difficulties in resolution. 

The silica tube containing the iodine was crushed under water containing 
about 40 mgm. of carrier iodine as iodide. About one milligram of iodine was 
also added as iodate, and the whole reduced to iodide. The solution was made 
alkaline and boiled to ensure complete equilibration of the carrier with any 
iodine adsorbed on the silica of the ampoule. Potassium bromide was added as 
holdback carrier, and the iodine distilled from the solution after addition of 
sodium nitrite and sulphuric acid. 

The distillate was collected in alkaline sulphite with more added bromide 
holdback, and iodine extracted into carbon tetrachloride after addition of 
sodium nitrite and sulphuric acid. The iodine was recovered from the organic 
layer after separation, by shaking with fresh alkaline sulphite containing more 
potassium bromide. This cycle of oxidation, extraction, reduction, and de- 
extraction was repeated four times to ensure that the iodine finally counted 
was free from impurities, especially from active bromine nuclides—bromide 
ion is not oxidized by acid nitrite solution, and does not therefore extract. 

Iodine was finally precipitated as cuprous iodide by the addition of sulphur 
dioxide and cupric sulphate solution. The precipitate centrifuges well and 
spreads uniformly on the counting planchettes. Counting was carried out in a 
reproducible position close to the mica window of a ‘bell-jar’ type of Geiger- 
Miiller tube, and was continued long enough to obtain a decay curve from 
which could be resolved the !*°I and "I activities. 
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(tit) Treatment of Lead Iodide and Copper Samples 


The lead iodide ampoules were treated by essentially similar procedures to 
those outlined above although speed was no longer necessary, and the need 
for so rigorous a purification was less. Samples were finally mounted as cuprous 
iodide, and the 13 day "°I activity measured. 

The copper wire was dissolved in nitric acid containing a known weight of 
cupric ion as carrier. The solution was scavenged by precipitating from it 
small quantities of silver chloride and of ferric hydroxide, and the copper 
finally precipitated as cuprous thiocyanate. The precipitate was washed, 
slurried with acetone, and mounted on nickel planchettes for counting as 
above. 


(iv) Treatment of Counting Results 


Corrections were applied where appropriate 

(a) for ‘losses’ due to the finite resolving power of the counting apparatus, 

(6) for differences in self-absorption correction between sources (from an 
empirical correction curve), 

(c) for radioactive decay, 

(d) for chemical yield. (Chemical yields in the radioactivation procedure 
were estimated by comparison of the '®I activities induced in the weighed 
lead iodide sample and in the unknown, respectively.) 

Activities were finally expressed with reference to a hypothetical thinly- 
spread source containing the whole of the activity at an arbitrary zero-time. 


(v) Calibration of Radioactivation Procedure 


To render absolute the relative measurements made by the radioactivation 
procedure, an irradiation was carried out as described above, of a sample of 
palladous iodide prepared from iodine extracted from an old pile-irradiated 
uranium slug.* 

Fission product iodine is largely "°I (after the short-lived species have 
decayed away) and it is possible to calculate with fair precision the amount 
of this nuclide in the sample irradiated, and thus to obtain a value for the 
ratio 

13°T activity/mgm."”°I irradiated 





64Cu activity/mgm.Cu irradiated 
needed for the absolute evaluation of the radioactivation measurements. 


ESTIMATION OF NUMBER OF FISSIONS IN IRRADIATED URANIUM SAMPLES 


In the absence of precise information as to the integrated neutron dose 
received by the irradiated uranium pieces, the total number of fissions which 
had occurred in each was estimated, after dissolution and extraction of the 
iodine, by an absolute measurement of the ‘Ce fission product f-activity in 
an aliquot of the resulting solution. A known quantity of cerium carrier was 
added and cerium precipitated as cerous fluoride. A succession of reprecipita- 


*We are grateful to Dr. W. J. Arrol of the Atomic Energy Research Establishment, who carried 
out this extraction. 
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tions was then carried out (as fluoride, hydroxide, and iodate in turn) with 
holdback carriers for those elements represented by long-lived fission products, 
and an aliquot of the ultimate solution finally mounted for counting. A gravi- 
metric determination of cerium in the remainder of the solution gave a value 
for the chemical yield of the purification procedure. 

The 8-particles from '‘Ce are rather soft, and the counting measurement was 
actually made on the much more penetrating #-particles from the ‘Pr 
daughter, the Ce radiation having been filtered out from the equilibrium 
mixture. The efficiency of the counting apparatus was determined by means of 
the UX; 8-radiation in equilibrium with a known mass of uranium. 


RESULTS AND DISCUSSION 


(1) Capture Cross Section of }*°I for Pile Neutrons 
From the irradiation of the weighed sample of fission product iodine we 
obtain, after correction for chemical yield, radioactive decay, etc.: 


30T activity/atom 9] 


— = 14.2 
Cu activity/atom ®Cu 





SO o129 = O63 X 14.2, since Aizo = Ags. Here oizg is the pile neutron activation 
cross section for °I, and o¢3 is the similar quantity for ®Cu (relating only 
to that fraction of the product which decays by 8 emission). Recent values 
for the neutron capture cross section of copper are 3.4, 3.50, 3.66, 3.63, and 
3.57 barns (1, 3, 10, 4, 11). Taking an average value of 3.5 barns, and using the 
ratio o6¢3/o65 = 2.3, obtained mass-spectrometrically by Reynolds (13), we 
obtain o,° = 4.24 barns, in good agreement with the value 4.3 barns quoted 
by Pomerance (12). If allowance is made for the fact that 42% of the “Cu 
disintegrations go by K-electron capture (5), and will not be recorded in our 
measurement, the value of o¢3; to be used is 4.24 X 0.58 = 2.46 barns (cf. 
2.8 barns obtained by Seren ef a/. (15)). 

Using this value, we obtain for the pile neutron capture cross section of '°I 
the value of 35 barns. 
(it) The Yield for Mass 129 in Pile-neutron-induced Fission 

From the ratio of “°l activity induced in a known mass of "I to that 
induced in the samples of iodine extracted from neutron-irradiated uranium 
we deduce the yield of °I in pile-neutron-induced fission. Two independent 
measurements gave values 0.89% and 0.92%. It is known from the work of 
Thode and Graham (17) that the independent yield of Xe in pile-neutron- 
induced fission is negligible, so that the value, 0.9%, represents the total yield 
for this mass. 
(11) Upper Limit to Natural Abundance of *°I 

From the absence of “°I activity from the irradiated samples of natural 
iodine it is possible to set an upper limit to the natural abundance of °I. 
We conclude that the °I/”7I ratio in natural iodine is less than 107-8. 
In view of the shortness of the half-life (8) of "°I in relation to geological 
time, this result is not unexpected, but it does reduce by a factor of 30 the 
upper limit previously set by mass-spectrometric investigation (9). 
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(iv) The*°I Content of Pitchblende 

Three samples of pitchblende were investigated, of which only two yielded a 
final result from which could be calculated a value for the mass of !*°I in secular 
equilibrium with the uranium in the pitchblende. Table II summarizes the 











TABLE II 
RESULTS OBTAINED FROM TWO SAMPLES OF PITCHBLENDE 

Sample A Sample B 
% U;Os in mineral 82% 64% 
1291 yield (relative to spontaneous fission rate) 0.48% 0.54% 
129Xe yield (relative to total fission rate)* (adjusted to give 0.222% 0.301% 

136Xe yield = 6.5%) 

Neutron fission rate as fraction of spontaneous fission ratef 0.32 0.49 
129XNe yield (relative to spontaneous fission rate) 0.29% 0.45% 





* Mass-spectrometric results kindly made available by Dr. W. H. Fleming. 
{Calculated from Xe yields on assumption that the fission yield for mass 129 is 0.90% for 
neutron-induced fission, and 0.01% for spontaneous fission. 


results obtained for the two samples. On the assumption that secular equili- 
brium has been achieved, the apparent fission yield has been calculated as 
the ratio 

disintegrations of '°I per second 





: xX 100 
spontaneous fissions per second 


using the ”9I half-life obtained by Katcoff, Schaeffer, and Hastings (8) and 
Segré’s value (14) for the spontaneous fission disintegration constant of 
uranium. 

Dr. W. H. Fleming has kindly carried out mass-spectrometric examinations 
of the xenon from these two samples of pitchblende, with results also shown 
in Table II. It is clear from the work of Fleming and Thode (2), and of 
Wetherill (18), that in a mineral such as pitchblende by no means all the 
fissions occurring are spontaneous. Furthermore, it is clear that the distribu- 
tion of products in this mass region is not by any means the same for spon- 
taneous fission and for neutron-induced fission, and that, in particular, the 
yield at mass 129 in spontaneous fission is very small indeed. The mass-spectro- 
metric measurements give only relative branching ratios for the various 
stable xenons, and it is necessary to assume a fission yield for one isotope. 
The values quoted have been adjusted to give 6.5% for mass 136, to agree 
with the ‘smoothed’ value for this mass in the neutron fission of uranium; 
since the yield curve for spontaneous fission has somewhat sharper peaks 
than the corresponding curve for neutron fission, this estimate may be slightly 
low. Fission yields obtained in this way have a significance somewhat different 
from that quoted for #°I; for the mass-spectrometric values, the fission yield is 
given by the ratio 

atoms of ”°Xe formed per second 





xX 100 


total fissions occurring per second 


and in Table II we quote also values which we have obtained by adjusting 
Dr. Fleming’s results to the basis on which the "I yields were calculated. 
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This has been done by using his measured ”°Xe yield to deduce the proportion 
of neutron-induced fissions in the two samples, and then multiplying his 
yields by the factor 


spontaneous fission rate + neutron fission rate 





spontaneous fission rate 


Bearing in mind the various potential sources of error in this comparison 
(and especially the fact that the assumed value of 6.5% for the yield of mass 
136 in spontaneous fission may be too low) the discrepancy between the two 
results for sample B is not excessive. The agreement is poorer for sample A, 
and is in a sense (more '°J than would be expected from the '°Xe result) 
difficult to explain by any reasonable geochemical hypothesis; it represents an 
increased yield from neutron fission of uranium during recent geological time 
whereas the most plausible natural changes (especially radioactive decay of 
235[]) would tend to produce the opposite effect. 
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CHEMICAL EFFECTS OF THE NUCLEAR TRANSFORMATION 
N"“(n, p)c“ 1 


By PETER E. YANKWICH 


ABSTRACT 


The physical and chemical behavior of energetic carbon particles in ionic 
lattices is investigated. Models of the process due to Libby and to Seitz and 
Koehler are compared for simple and complex ionic crystals. For simple crystals 
the models lead to practically identical chemical predictions; where polyatomic 
ions are present, the Seitz—-Koehler model appears to give a more satisfactory 
account of the distribution of radiocarbon over various product species. 


INTRODUCTION 


There has been considerable experimental effort directed at the elucidation 
of the chemical consequences of radiative neutron capture reactions; there, 
the target and product atoms are similar chemically, the recoil energy of the 
product is modest, a few hundred electron volts at most, and re-formation of 
the parent molecules may occur. In the case of typical (m, p) reactions, the 
product recoil energies are of the order of tens of thousands of times chemical 
bond energies, the product fragment is a chemical impurity in the target 
substance, and the atomic number change makes it difficult to think of 
“retention’’ of the product atom. There has been comparatively little experi- 
mental or theoretical work published on (m, p) reactions. It is the purpose of 
this paper to attempt a correlation of the results of recent research in this area. 
As a matter of convenience, the discussion will be related to ionic crystals; 
the extension to molecular and valence solids can be made with little difficulty. 


PHYSICAL PROCESSES 
Early History of a Carbon Hot-atom* 


At the moment of its creation, the C™ particle is in the state of a quadruply 
charged negative ion with a kinetic energy of about 40 kev. The velocity of this 
particle is that of an electron of 1.56 ev. energy; therefore all electrons bound 
to it by less than that energy will be swept off by the field of the ions in the 
lattice (18), and it will be ineffective in causing the excitation of any electron 
unless the energy required for such a transition is close to 1.56 ev. (14). The 
electron affinity of the neutral C atom is about 1.2 volts (12), so a swiftly 
moving C™ archekine may exist as a C~ ion when its kinetic energy has been 


1 Manuscript received November 17, 1955. 

Contribution from the Noyes Laboratory of Chemistry, University of Illinois, Urbana, Illinois. 
This paper was presented in part at the Symposium on Nuclear Chemistry and Radiochemistry 
held at McGill University, Montreal, Que., September 7-9, 1956. 

*The problem of terminology in the field of ‘‘hot-atom chemistry” has been reviewed by Willard 
(27). In systems such as those which are the subject of this paper, one could apply terms such as: 
activated, energetic, hot, recoiling, to the C'* product particle with equal correctness. Each of these 
terms, however, is applicable not only to the C™ particle but to one or more others in each collision 
or nuclear event. While the present imprecise terminology is already hallowed by usage, it seems 
reasonable, though perhaps deplorable, that better terms might be found. In this spirit, we suggest 
that one can maintain the focus of one’s attention on the C™ particle by applying to it the name 
archekine (archein + kinetin = prime mover). 
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reduced below about 30 kev.; since the electron affinity of C~ is negative, it 
seems unlikely that carbon more negatively charged than this can exist in the 
target matrix except where such a carbon fragment is surrounded by positive 
ions. In general, the electron affinities of doubly or more highly charged 
negative ions are negative and these ions would furnish the electrons required 
for the assumption of negative charge by the hot-atom. While the cross 
sections for ionization and electron excitation are extremely small, the species 
C+ could be formed by direct electron exchange processes involving the positive 
ions of the lattice. Carbon more highly oxidized or reduced than when in the 
C+ or C- states results most likely from chemical processes involving the forma- 
tion of binuclear or more complicated aggregates. 

The initial energy possessed by the C" recoil fragment is several thousands 
of times ordinary chemical bond energies; most of this energy is lost through 
collisions with or fragmentation of the ions of the target matrix. Occasionally 
one of these struck ions may thus acquire an energy sufficiently large to 
produce additional displacements in the lattice. 


Libby’s Hard-sphere Model 

The chemical fate of the C' archekine depends certainly upon the nature of 
the environment when its energy has been reduced to a level sufficiently low 
to permit the persistence of chemical combinations or electron displacements. 
Among other things, the nature of that terminal environment will be influenced 
by the amount of energy which the hot-atom possessed when trapped effectively 
by the lattice within some small volume. In an early paper dealing with these 
matters, Libby (16) assumed that the mean free path of an energetic recoil 
particle in a simple ionic lattice would be of the order of the mean ionic 
separation for hard-sphere (billiard ball) type collisions. For example: in 
beryllium nitride the mean ionic separation is a little over 2 A* and about 8 
hard-sphere collisions with lattice ions are required to reduce the energy of 
the archekine to the order of 25 ev. The mean separation between the site of 
production and the site of entrapment is about 2.2./8 = 6 A. This corresponds 
to the release of 40 kev. in a volume which contains about 150 ions, an act 
equivalent to raising the temperature of the region to nearly 107°K. The 
relaxation time for cooling of such a heated zone would be sufficiently long, 
about 10~° sec., to permit considerable diffusion to take place. If one assumes 
that the C' particle is at or near the hottest part of the region, thermal 
diffusion would tend to increase the influence on it of beryllium ions above 
that expected from the stoichiometry of the crystal. 

The presence in the target of polyatomic lattice units would result in only 
slight modification of the picture sketched above, in that fragmentation of such 
ions in the immediate vicinity of the archekine is an energy-lowering phe- 
nomenon which must be considered. However, the local temperatures predicted 
are so high that complete fragmentation of such polyatomic ions would be 
expected; thus, the initial reactions of the entrapped C™ particle would be 
with atoms or ions of low charge, regardless of whether the target crystal 
contained simple or complex ions or both. 


*Beryllium nitride crystals are of the anti-T12,0; type, a = 8.13; there are 16 Be3;Nez in the unit 
cell (25). 
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Model Based on Suggestions of Seitz and Koehler 


While the collision cross section for archekine — lattice ion encounters may 
be of the order of the square of twice the mean ionic radius in the crystal when 
the archekine energy is a few electron volts, it must be much smaller when 
the energy is hundreds or thousands of electron volts. The model suggested by 
Libby must be modified in its reference to archekines with energies above, 
say, 100-200 ev., but seems essentially correct for energies below this range. 

At the beginning of its travels in the lattice, the energy of the archekine is 
sufficiently high that encounters with simple ions are best described by classical 
Rutherford scattering (20). Small angle collisions are favored and the average 
energy transferred in a collision is below one electron volt; the hot-atom may 
be said to produce a track in the crystal. Occasionally, a struck ion receives 
enough energy, about 25 ev. in the case of a well-bound solid (19), to be 
displaced from its lattice site; detailed consideration shows that the average 
energy so transferred is of the order of 200 ev. The total collision cross section 
is of the order of 10-'7 cm.?, yielding a mean free path of several tens of A. 
When the energy of the archekine has been reduced to about 6 kev. the 
collisions become hard-sphere in character. 

When the archekine enters the hard-sphere range, its average distance 
from the site of its production may be several hundred A; the track which it 
followed will be surrounded by a cylinder of heated crystal distorted here and 
there by the appearance of displacement spikes (10), spheroidal volumes in 
which the displaced ion secondaries and their progeny have dissipated their 
energy to the lattice. In the hard-sphere range, energy transfer is very efficient, 
5 or 6 collisions, on the average (16), being sufficient to reduce the energy of a 
C hot-atom to 25 ev.; however, the collision cross section does not reach 
atomic dimensions until the archekine is almost at rest (20). As long as the 
mean free path is large compared with the mean lattice-ion separation, the 
motion of the recoil particle is diffusion-like. In Table I are shown some values 


TABLE I 


MEAN FREE PATH OF HOT-ATOM FOR HARD-SPHERE 
COLLISIONS; C IN Be3;N2(s) 











Ecis (ev.) L, (A) Lm (A) 
3000 230 240 
1000 62 67 

300 20 32 
100 9 14 
30 § 7 





for the hard-sphere range of the mean free path L, of a carbon hot-atom in the 
beryllium nitride lattice as computed from equations given by Seitz and 
Koehler (20). These L, values are an order of magnitude larger than those 
one would expect on the basis of calculations by Brinkman (10); the difference 
arises in the choice of a value to be assigned to a coefficient in the calculation 
of a screening constant. Seitz and Koehler follow Bohr (9) in selecting a small 
value. There is indirect experimental evidence that the long mean free paths 
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calculated by the method of Seitz and Koehler are reasonable, in a now con- 
siderable body of experimentai data on the collision cross sections of neutral 
atoms; we assume that the motion of a carbon archekine in an ionic lattice 
may be likened to diffusion of a neutral atom in a still atomic gas. Using this 
model one need but estimate the repulsive potential for the hot-atom inter- 
action with the average lattice ion in order to compute a collision cross section, 
and from it a mean free path. The values of the mean free path L,, based upon 
H-H., (4, 7), He—He (1, 3), He-A (6), and A—A (2, 5, 8) high energy scattering 
data are given in Table I. 

When we consider the slowing down of an archekine in an ionic crystal in 
which one of the species is polyatomic we see that the properties of this model 
are very different from those of the Libby hard-sphere model. In this case 
effective entrapment of the hot-atom is impossible much above energies of the 
order 100—200 ev.; thus, the amount of energy which can be dissipated to the 
lattice about such a site is quite modest, and atomization of the polyatomic 
ions nearby is not to be expected to be anything like complete. Fragmentation 
of these complex ions will occur, but the scale of the demolition process is of 
a much lower order than that predicted by Libby’s model in which the entire 
recoil energy of the archekine is released from a very small volume. 

As the energy of the archekine falls to a few hundred electron volts, its 
collision cross section becomes so large that the remainder of its kinetic energy 
will be dissipated within a compact volume whose radius is of the order of its 
mean free path, only two or three collisions with lattice ions being left to it. 
Each of these remaining collisions will produce within the volume mentioned a 
hot-spot, i.e. a region where the archekine and/or displaced secondary (knock- 
on) reach kinetic energies of the order of 25 ev. in coming to rest, or where a 
struck ion receives a little less than the threshold energy for displacement 
(20) ; the energy associated with the hot-spot in which the archekine is finally 
trapped by the lattice is thus 25-50 ev. 

The 25-50 ev. in the terminal hot-spot is, at first, shared by the archekine 
and a few near neighbors; if 5 particles share this energy, their equivalent 
temperature is of the order of 10°°K. When the radial diffusion of this energy 
has progressed to the point where a volume about that of a unit cell is involved, 
the temperature of the region will have fallen to 2500°K., which, for example, 
is the fusion temperature of beryllium nitride. The chemical fate of the arche- 
kine must be determined largely during this cooling period, the relaxation 
time for which is of the order of 10~” sec. This time is so short that the disorder 
characteristic of the molten state probably is not achieved except in the 
center of the hot-spot (20), but some disorder may be entrapped in the freezing 
process. About one electron volt per ion is tied up in a typical dislocation ring 
(21) and release of several electron volts from such a source could provide 
easily the activation energy required for reaction with the solvent of an en- 
trapped archekine close by. If polyatomic ions are present the effective local 
temperature will be even lower than that calculated above because of the 
uptake of energy in fragmentation processes. 

It is important to note the different possible effects of diffusion-like processes 
occurring before freezing of the hot-spot which would be predicted from the 
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Libby and Seitz—Koehler models. In the former case, where the archekine is 
trapped within a small volume at the very outset, a given kind of rate process 
would have many chances to occur in the 107° sec. lifetime of the region; 
in such a situation thermal equilibrium would be attained over quite an 
appreciable volume, and ions relatively far from the archekine might 
diffuse to it before cryosis set in. The Seitz—-Koehler model of the process 
leads to the prediction that only a small part of the original energy of the 
archekine is available in the terminal hot-spot, and a given kind of rate process 
would have only a few chances to occur in the 10~" sec. lifetime of the region; 
in such a situation thermal equilibrium is established over a volume containing 
only 5 or 10 ions, and only near neighbors of the archekine could diffuse to it 
before solidification of the hot-spot. 


CHEMICAL PROCESSES 


As has been mentioned above, the specifically chemical consequences of 
these two different final environmental situations would likely be quite similar 
for simple ionic targets. We would expect different chemical phenomena to 
occur were the targets molecular crystals or ionic solids containing molecular 
ions. As an example, consider the target ammonium bromide. Production 
of a long-lived, high temperature hot-spot would likely involve the complete 
demolition of ammonium ions in the vicinity of the hot-atom; as cooling 
occurred, competitive reactions among C, N, Br, and H would determine the 
spectrum of chemical species observed upon solution of the target. Where a 
short-lived, low temperature hot-spot is produced, only partial fragmentation of 
ammonium ions is possible energetically; upon cooling, competitive reactions 
among C, H, and fragments such as NH, NHoe, and NH;+ would determine 
the distribution of radiocarbon over various chemical forms upon solution of 
the irradiated material. The Libby model results in a concentration of energy 
sufficient to permit the formation of H+ which might tend to oxidize the 
archekine; the Seitz-Koehler model predicts that much less energy than this 
will be available and, since it costs about one electron volt less to remove a 
hydrogen atom from an ammonium ion than to remove a proton (23, 26), the 
hydrogen made available would tend to reduce the carbon archekine. 

In simple ionic crystals where the nature of the target is such that few 
carbon-containing aggregates can be formed and where only one or two kinds 
of terminal hot-spot environment can come into being, the amount of energy 
actually available in the terminal hot-spot may exert a critical influence 
upon the final chemical state of the archekine trapped there; in fact, the 
distribution of product radiocarbon over various oxidation states for such 
targets may be a simple reflection of the distribution of terminal hot-spot 
energies. For more complex systems, the Libby and Seitz-Koehler models 
again predict different results. Because of the long life of its kind of hot-spot, 
one would expect from the Libby model some dependence of the final chemical 
state distribution upon the recoil energy of the hot-atom (at the 10*-105 
ev. level) ; in the Seitz—Koehler model no processes have chemical significance 
before entrapment of the archekine (at the 10-100 ev. level), so no effect of 
recoil energy variation should be noted provided that energy was always 
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higher than the highest possible entrapment energy. In this regard it is 
interesting to note the results obtained by Schuler (24) and by Holmes and 
McCallum (13). Schuler studied the retention in liquid methyl and ethyl 
iodides of iodine activated by the processes (d, p), (m, 2m), and (vy, m) and 
observed the same retentions as in radiative neutron capture (15); Holmes 
and McCallum obtained similar results when the retention of copper in solid 
copper salicylaldehyde-o-phenylenediimine after the process (y, ™) was 
compared with the effect of the (”, y) reaction (11). 

It may be difficult to unravel the effects of nature of target material and 
solvent. Where the ion charges in a simple ionic crystal target are not very 
different we would expect carbon hot-atoms to come to rest in terminal 
hot-spots exhibiting a more or less symmetrical distribution of oxidizing and 
reducing characters. This should result in a similarly symmetrical distribution 
of product radiocarbon among various oxidation states, provided that reactions 
of the entrapped radicals with the solvent are not entirely of one character; 
for water solvent, since both its oxidation and reduction can be effected, one 
should be able to see little modified the oxidation state distribution of the 
radiocarbon in the terminal hot-spots. 


RADIOCARBON PRODUCT DISTRIBUTION 


In Table II are collected the results of recently completed chemical fractiona- 
tion studies of the radiocarbon compounds resulting from the solution in 


TABLE II 
DISTRIBUTION OF RADIOCARBON AMONG VARIOUS FINAL PRODUCTS 














Target 
Oxdn. Carrier = 
No. (NH,4)eSO, BesN2 NH«Br NaNO; NazCO3; NaHCO; NaOQOCH 
CO, 39.5 14.4 WY 98 22 22 4 
CO(NHa2)2 7.3 6.2 0.4 
+4 CNH(NHz2)2 0 18.7 0 
CN(NHa2) 4.6 
+3 (COOH). 39 40 6 
CO 2.0 0.06 is 0 1 1 5 
HCOOH 15.5 8.3 1.3 3 4 15 
+2 HCN 3.9 6.5 2.0 
HOOCCHO 24 24 11 
+1 HOCH:COOH 10 10 31 
HCHO 13.2 2.4 5.8 0 1 
0 HOH:.CCHO 14 
-—} OHCCHO 15 
CH;0H 0.7 0.15 0.4 0 
CH;NH2 16.1 4.1 79 0 
—2 CH;NHNH2 11.2 0 
CH;Br 1.8 
—4 CH, 0.5 25.8 7.0 0 
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water of a number of irradiated ionic crystal targets. For the systems ammo- 
nium sulphate (28), ammonium bromide (30), beryllium nitride (29), and so- 
dium nitrate (31), the nuclear reaction is N“ (mn, p)C" and the initial archekine 
energy is 40 kev.; for the systems sodium carbonate (22), and sodium bicarbon- 
ate and formate (17), the nuclear reaction is C"(y, ”)C' and the initial 
archekine energy under the irradiation conditions employed was about 0.5 
Mev. 

The sodium carbonate and ammonium chloride oxidation state distributions, 
the former peaking in the positive oxidation number range, the latter in the 
negative, indicate the relatively subsidiary role of the water solvent and the 
controlling nature of the terminal environment of the archekine; the relative 
inertness of the bromide and sodium ions is also reflected by the data. 

The distribution of radiocarbon products in the beryllium nitride study 
confirms the expectation mentioned above concerning a symmetrical distribu- 
tion of product radiocarbon among various oxidation states. An especially 
important result of the product distributions observed there and in the (y, 7) 
systems is that they furnish evidence that the skeletons of complex chemical 
species are formed and persist in the irradiated crystals; there seems to be 
no mechanism other than formation in the lattice which accounts satisfactorily 
for the appearance of skeletal types such as C—C, NC(N)2, NCN, CN, and 
CNN among the final products. In this regard, the formation of methyl- 
hydrazine is important because it is the only nitrogenous species in which the 
oxidation number of N is different from —3 (that of ammonia and _ nitride 
ion); this compound may thus be a relic of a C—N electron transfer reaction. 
Another important feature of the beryllium nitride target results is that the 
oxidation state distribution peaks at the extremes rather than near neutral 
carbon. Thus it appears that the several oxidation states are not reached by 
random walks among adjacent oxidation states. 

In ammonium sulphate, hydrogen and oxygen are present in the same ratio 
as in the solvent; ammonium bromide and sodium carbonate each contain 
but one element of water; and beryllium nitride contains neither. Table III 














TABLE III 
PER CENT OF RADIOCARBON VALENCES UTILIZED BY H, O, N, or C® 
Target 
Bonded 

atom (NH4)2SO, Be3Ne NH,Br NaNO; NazCO; NaHCO;* NaOQOCH* 
H 24.9 41.3 ge 5.8 6.5 22 

O 63.3 24.4 6.4 98 74.8 76 60 

N 10.7 34.3 21.2 

Cc 19.5 18.5 19 





*At the time this paper is being prepared, degradation information on the two-carbon products 
in these target systems is not available. In making these rough calculations a random distribution 
of the radioisotope has been assumed. 


is a compilation for these and other target crystals of the per cent of radio- 
carbon valences in the final product state utilized by H, O, N, or C®. To this 
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table we make the following annotations: (1) the ammonium bromide and 
sodium carbonate data show very good correspondence in the reactivities of 
the simple ion, central atom, and outer atom in each case; (2) comparison of 
the ammonium sulphate and beryllium nitride data indicates the powerful 
scavenging character of crystal oxygen as compared with water oxygen; (3) the 
shift in the sodium formate oxidation state distribution to a less positive 
peak compared with that of sodium carbonate is reflected in the sharp increase 
of bonds to hydrogen, and the lack of change in the carbon bonding percentage 
is probably an indication that C—C bonds are formed early in the lifetime of a 
terminal hot-spot when partially stripped carbon atoms are available; it is 
surprising that the sodium bicarbonate data resemble those for sodium 
formate in view of the availability of hydrogen in the crystal. 

Only in the case of ammonium sulphate, among the nitrogenous targets, 
are all of the kinds of atoms found in the products present in the target 
substance; even so, there is no direct correlation between the thermodynamic 
stability of the several products and their final abundances in the solution of 
the target. This is probably an indication that, as in the case of beryllium 
nitride, only parts of the final molecules are stable in the target. Alternatively, 
the relative rates of competitive reactions with the solvent may determine the 
distribution of radiocarbon among several forms with the same carbon oxida- 
tion number. 
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A SYNTHESIS OF 5-O-METHYL p-GLUCOSE AND OF 2-O0-METHYL 
p-GLYCERONAMIDE'! 


By J. K. N. JONEs 


ABSTRACT 


A preparation of 5-O-methy] p-glucose from 1,2-O-isopropylidene D-glucurone 
is described. Oxidation of the D-glucose derivative with periodate gave 2-O- 
methyl] D-glycerose from which 2-O-methy] D-glyceronamide was prepared. 


INTRODUCTION 


The reference compound 2-O-methyl p-glyceronamide (VIII) ‘was required. 
Its preparation from a suitably substituted derivative of D-glucose was 
considered to be feasible and, accordingly, the preparation of 5-O-methyl 
D-glucose (VI) was undertaken. This compound had been prepared earlier 
(3) from D-glucose. The ready availability of p-glucurone made this substance 
a more attractive starting material. p-Glucurone (I) condenses with acetone 
to give the well-characterized 1,2-O-isopropylidene derivative (II) which 
possesses a free hydroxyl group on C-5. Previous workers (2) had indicated 
that this material could not be methylated with Purdies’ reagents without 
decomposition. It was observed that when water was rigorously excluded and 
if the reaction was carried out in the presence of anhydrous calcium sulphate 
methylation proceeded in the normal manner. The resultant 5-O-methyl 
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derivative (III) on reduction with lithium aluminum hydride in ether gave 
1,2-O-isopropylidene 5-O-methyl D-glucose (IV) which was characterized as 
its crystalline 3,6-di-O-acetyl derivative (V). Hydrolysis of this material 
gave 5-O-methyl p-glucose (VI), a sirup which on oxidation with bromine 
water yielded 5-O-methyl p-gluconic acid, characterized as the crystalline 
amide (VII). Oxidation of this product with periodic acid resulted in the 
formation of 2-O-methyl p-glycerose. Attempts to isolate this material by 


' Manuscript received November 28, 19565. p 
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extraction with either chloroform or ether were unsuccessful. Accordingly 
the aldehyde was oxidized in situ with bromine and the resultant glyceronic 
acid derivative converted first to the ester and then to the required amide 
(VIII). The racemic amide was prepared previously by Baker (1), and has a 
lower melting point, 71°C. compared with 87°C. The analytical values for 
methoxy] are likely to be unreliable as reported by Baker (1). 


EXPERIMENTAL 


The following solvents (v/v) were used to separate sugars on paper chroma- 
tograms: (A) ethyl acetate: acetic acid: formic acid: water—18: 3: 1: 4; (B) 
butan-2-ol: pyridine: water—10: 3: 3. Solvents were removed by evaporation 
at 40°C. or less and optical rotations were determined at 20 + 2°C. and in 
water unless otherwise stated. 


1,2-O-iso-Propylidene 5-O-Methyl p-Glucurone 


1,2-O-iso-Propylidene p-glucurone (7 gm.) (Il) was converted to the 
5-O-methyl ether by methylating it with Purdies’ reagents in the presence 
of drierite. The product, which was isolated in the usual manner, was a 
sirup which was purified by distillation, b.p. 140—-145°C. at 0.01 mm. (bath 
temp.), nv 1.4690, yield, 4.7 gm.; [a]lp 48° (c, 0.9). The lactone gave with 
alcoholic ammonia an amide, m.p. 174°C., [a]p —29° (c, 2.5). Anal.: Calc. 
for CyoH17O6N: C, 48.7; H, 6.9; N, 5.7; OMe, 12.6. Found: C, 48.7; H, 6.7; 
N, 5.7; OMe, 14.5. 

The lactone derivative on hydrolysis with dilute formic acid yielded 5-O- 
methyl pD-glucurone which moved at 1.35 times the speed of rhamnose in 
solvent (A). 
1,2-O-iso-Propylidene 5-O-Toluene-p-sulphonyl D-Glucurone 

1,2-O-iso-Propylidene D-glucurone (1 gm.) was dissolved in pyridine (10 
ml.) and toluene-p-sulphony] chloride (1 gm.) was added. The solution became 
warm and, after the initial reaction was over, was allowed to stand at room 
temperature for a day. The reaction mixture was poured on to ice when the 
crystalline 5-O-toluene-p-sulphonyl derivative separated. It was collectéd on the 
filter, washed well with water, and recrystallized from methanol or aqueous 
acetone, m.p. 189°-194°C. not changed on further recrystallization, [a]p 84° 
(c, 0.44 in acetone.) Anal.: Calc. for CigH1s03S: C, 52.0; H, 4.9; S, 8.7. Found: 
C, 52.0; H, 4.8; S, 8.5. The product dissolved in aqueous alkali with the forma- 
tion of an intense yellow color. 
1,2-O-iso-Propylidene 5-O-Methyl p-Glucose (IV) 

1,2-O-iso-Propylidene 5-O-methyl p-glucurone (4.4 gm.) was reduced by 
adding its solution in ether (25 ml.) to a solution of lithium aluminum hydride 
(4 gm.) in ether (25 ml.). The glucose derivative was isolated from the neutral- 
ized and filtered solution by extracting it continuously with chloroform. 
The sirupy product was purified by distillation, b.p. 160°C. (bath temp.) at 
0.1 mm., [a]lp —8° (c, 1.0), yield, 4.1 gm. Anal.: Calc. for CipHywO¢: C, 52.2; 
H, 6.1; OMe, 13.5. Found: C, 52.2; H, 6.25; OMe, 13.7. Acetylation of the 
product with pyridine and acetic anhydride yielded the known crystalline 
3,6-di-O-acetyl derivative (4.0 gm.) (V), m.p. 87°C. after recrystallization from 
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ligroin (b.p. 60-80°C.). Anal.: Calc. for Cis4H220O3; C, 52.9; H, 7.0; OMe, 
9.8. Found: C, 52.5; H, 7.0; OMe, 9.9. Pure 1,2-O-isopropylidene 5-O-methyl 
D-glucose was recovered from the diacetate after it had been deacetylated with 
N sodium hydroxide solution. 
5-O-Methyl v-Glucose (VI) 

1,2-O-iso-Propylidene 5-O-methyl D-glucose (2.0 gm.) was hydrolyzed with 
0.1 N sulphuric acid (20 ml.) at 100°C., [alo —8° — —3° (constant value, 
1 hr.). The sirupy product (1.77 gm.) was isolated after removal of the sulphuric 
acid as barium sulphate. Its rate of movement relative to that of rhamnose 
was 1.1 (in solvent A) and 1.2 (in solvent B). It was converted, without 
purification, to 5-O-methyl p-gluconic acid by oxidizing it with bromine water 
in the usual manner. Excess of bromine was removed by aeration when 
chromatographic examination of the solution (solvent B) showed that reducing 
sugar was absent. Hydrobromic acid was removed with silver carbonate and 
the solution filtered. The acid, isolated by the usual procedure, was converted 
to the lactone, which crystallized. This product was difficult to purify. The 
crude material, which had m.p. 130°C., was converted to the amide (VII) 
by saturating its solution in methanol with ammonia. The amide was 
recrystallized either from water or from methanol, m.p. 150°C., and had 
[a]p 25° (c, 0.14) and therefore obeys Hudson’s amide rule. Its rate of move- 
ment was identical with that of glucose in solvent (B). Anal.: Calc. for 
C;Hy;O.N: C, 40.0; H, 7.2; N, 6.7; OMe, 14.9. Found: C, 40.2; H, 7.4; 
N, 6.2; OMe, 15.0. 


Oxidation of 5-O-Methyl p-Gluconamide with Periodate 


The amide (VII) (0.7 gm.) was dissolved in water (10 ml.) and oxidized 
with paraperiodic acid (0.7 gm.) at 24°C. during 24 hr. In a trial experiment 
attempts to isolate 2-O-methyl p-glycerose were unsuccessful. Accordingly 
bromine was added to the reaction mixture and the oxidation was allowed 
to proceed for 48 hr. Excess of bromine was then removed by aeration and the 
solution was neutralized with barium carbonate and filtered. The filtrate 
was shaken with silver carbonate, filtered, and silver ions removed from 
solution as silver sulphide. The filtered solution was then concentrated to a 
sirup which was boiled with methanolic hydrogen chloride for six hours in 
order to esterify the glyceronic acid derivative. The 2-O-methyl D-glyceron- 
amide (VIII) was prepared from the resultant ester in the usual manner. 
Yield, 60 mgm. of white crystals, m.p. 86—87°C., [a] 71°+4° (c, 0.7 in methanol). 
Anal.: Calc. for CsHgO3;N: C, 40.3; H, 7.56; N, 11.8; OMe, 26.1. Found: 
C, 40.2; H, 7.6; N, 11.9; OMe, 26.7. 
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ON FLAME PROPAGATION IN EXPLOSIVE MIXTURES OF GASES 
I. GENERAL THEORY‘ 


By ROBERT SANDRI? 


ABSTRACT 


The system of differential equations of flame propagation is set up and discussed. 
It is shown that, without any major influences being neglected, the energy 
equation can be reduced to the form 


d 
is ‘e +1) = $(n) 
with the boundary conditions 


¢ = 0 for » = Oand for n = 1. 


Some qualities of the solutions of this equation are discussed and a simple 
numerical method of solution is described. The flame velocity Vo is found as an 
eigenvalue of the energy equation. The temperature distribution in the flame zone 
can then be found by an ordinary quadrature. Further, an approximation 
formula for finding Vo directly is derived 


1 : b 
= Tame | 2 [Fone 


where F(n) is proportional to ¢(n) and has a maximum for 7 = 1m. 





Vo 


1. INTRODUCTION 


The processes involved in the propagation of flames in explosive mixtures 
of gases are very complex and an exact mathematical description of them is 
very difficult. It is true that with the help of electronic computers even highly 
complex systems of equations can be solved but some simplification is still 
desirable. In the first place, it is always interesting and useful to show up 
regularities and laws of nature underlying the great apparent complexity of 
the problem. Moreover, an entirely exact mathematical treatment is in most 
cases useless because the available kinetic data are incomplete and not entirely 
reliable. 

On the other hand, the purpose of the theory sets a limit to simplification. 
It cannot be the primary object of a theory of flame propagation to calculate 
the flame velocity. This quantity can be measured rather easily and is well 
known in most cases. The principal purpose of the theory, on the contrary, 
should be to utilize this knowledge for obtaining information regarding 
kinetic data by comparison of the computed and observed values of flame 
velocity. If such conclusions are to be convincing and reliable, mathematical 
and physical simplification must not be exaggerated. 

An exact theory of flame propagation has been worked out by Hirschfelder 
and his collaborators (3, 4, 5, 6, 7) and has been successfully applied to several 


cases of combustion. However, Hirschfelder’s method requires a great many 
1 Manuscript received October 17, 1958. 
Private contribution. 
2Canadian Westinghouse Co. Ltd., Hamilton, Ont. (WT). 
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difficult computations. Recently, Karman and Penner have shown that it is 
possible to simplify computations a great deal without losing much accuracy 
(11). 

In the present paper an attempt is made to establish a theory which does 
not neglect any major influences acting in the phenomenon of flame propagation 
and at the same time is mathematically quite simple. It has been found to 
yield results which differ only by a few per cent from the results obtained by 
the exact method of Hirschfelder et a/. while it is still simpler than the method of 
Karmdn and Penner. Moreover, it involves a transformation which is univer- 
sally applicable and is interesting from a theoretical point of view. 


2. THE DIFFERENTIAL EQUATIONS OF FLAME PROPAGATION 


Let us suppose that an explosive mixture of several gases is moving in the 
direction of the positive x-axis at such a speed that the flame zone remains 
motionless relative to the co-ordinate system. We shall consider the one- 
dimensional, steady-state process only which practically does not involve 
any restriction to generality. Let V be the average mass rate of flow at any 
point and p the specific mass. Then an equation for the conservation of mass 
applies, namely 


{1] pV = M = const. = poVo = pysVyz 


where the subscript 0 refers to the initial mixture and the subscript f to the 
flame gases, i.e., to the burned mixture. 

Now let us consider the equation expressing the conservation of energy. 
Disregarding kinetic energy, viscosity, and thermodiffusion, we have 


[2] 4(, a). = nim ,(V+V,)H; = 0. 
Here, \ is the heat conductivity, T is the absolute temperature, n; and m; 
are the concentration (moles per cm.*) and the molecular weight of the com- 
ponent 7 of the mixture, H; is the enthalpy per unit mass, and JV; is the velocity 
of diffusion flow of the same component. 

Further, there is a set of equations of continuity for all components 


3] Ltn (V+V)] = Uy 


where U; is the rate of production of the component 7 (moles per cm. per sec.) 
due to chemical reactions. 

So far, our assumptions have been identical with those made by Hirsch- 
felder et al. However, the above equations can be lumped together and greatly 
simplified as follows. Evidently 


[4] > mH, U, = -Q, 


Q being the heat developed by chemical reactions per second and cm. 
Furthermore 


; dH, _ aT — 
[5] Li nim Va = V Ge ty MiMi lor = Mey 7 
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where c, is the specific heat per unit mass of the mixture, at constant pressure. 
Transforming the second term in equation [2] by means of equations [3], 
[4], and [5], we find 


d dT 
[6] “. Me, § 7 +0-% = hm m; Vip: = 0. 
From the definition of V it is clear that 
p Ni Mm; V; = 0. 
i 


Hence, the last term in equation [6] will be very small compared to the other 
terms as long as the specific heats of the components of the mixture do not 
differ too much. Disregarding the last term, we obtain the energy equation in 
the form which has been used by many authors, e.g., Boys and Corner (1), 
Jost (8), Karman and Millan (10), Lewis and Elbe (13), Roy (15), Semenov 
(16), Tanford (17), Zeldovitch and Frank-Kamenetzky (18). The discussion 
given here and numerical evaluation show that this simplified form will be 
applicable with a very good approximation in most practical cases, except 
for mixtures rich in hydrogen. (If hydrogen is present in low concentration, 
it does not contribute appreciably to the last term in equation [6]. It may, 
of course, play a very important role in the reaction mechanism and thus 
affect Q a great deal.) However, there is no need of neglecting the last term 
and no substantial complication is introduced by keeping it, as we shall 
presently see. 

An expression for V; is needed in order to evaluate equations [3] and [6]. 
According to Hirschfelder and Curtiss (3), we can place 


D; dys 


Yi ux 


[7] V.=- 


where y; is the mole fraction of the component 7 and‘D, can be calculated, 
with a very good approximation, by the formula 


a (1-4) Me 
. p Da 


D,, being the ordinary binary diffusion coefficient of the components i and k. 
In order to obtain a system of working equations, it is useful to place 


ae a 
8] ‘- 
ae plyD ; 
[9] ie ae 
[10] m=p/z,mi= Di yim, 


The reduced diffusion coefficients 6; are dimensionless quantities and m is the 
average molecular weight of the mixture. 
Then, equation [6] assumes the form 


{11] 2 = we +z— 
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where 
_ 1 dep, yr macys dy, 
[12] tia ro att 2 os mc, dT 
A 
[13] o= pe. 
From [3] and [7] we obtain 
d (4; dy._30) 7 
i] 2 (5 ot ween e 
where 
P _ AU: 
[15] Vi _— M’c, . 


If complete kinetic and physical data are available, w, yg, and y; are known 
as functions of T and y, and dy,/dT. Then equations [11] and [14] are sufficient 
to determine all y; and z as functions of 7. The initial concentrations y jo 
are supposed to be known and the concentrations in the burned mixture yy4, 
can be calculated from them.* Moreover, z must be zero at the hot boundary 
(T = T,). Some controversy exists as to the assumption to be made for z 
at the cold boundary (JT = T)). However, as pointed out by Richardson (14), 
there can be little doubt that no appreciable error is introduced by assuming 
that 2) = 0. This last boundary condition is supernumerary and makes it 
possible to determine M (or Vo = M/po) as an eigenvalue of the problem. 


3. THE REDUCED ENERGY EQUATION 


The exact solution of the system of differential equations is a very difficult 
task even if the system of chemical reactions is rather simple. However, in 
most cases this task can be greatly simplified. 

In the first place, one of the differential equations [14] can always be 
discarded because 


rer = |. 


Further, it is often admissible to assume that the enthalpy of the mixture 
remains reasonably constant throughout the flame zone because the energy 
transport by diffusion is opposite in direction and approximately equal in 
size to the energy transport by heat conduction so that these two influences 
more or less cancel each other. This assumption was made by Lewis and 
Elbe (12), by Semenov (16), and by Zeldovitch and Frank-Kamenetzky 
(18). It has also been backed by Jost (9), by Hirschfelder (2), and by Karman 
and Penner (11). It allows another of the differential equations of the system 
to be discarded. 

However, other hypotheses often give better results. Very often, chemical 
reactions are confined to a comparatively narrow range of temperature near 
T,. Then, as Karman and Penner have shown, series expansions can be used 


*The values of dy;/dT at the hot boundary, which are also needed, can be found by series expansion 
at T = Ty, with (dy;/dx); = 0. 
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for the mole fractions y; of which only the first terms need be considered. 
Thus, the y; can easily be determined from equations [14] as functions of T 
in the interval near 7, and the system is reduced to the one equation [11] whose 
solution gives the eigenvalue V». 

Stoichiometric relations and pre-established equilibria may also help to the 
same end. These methods will be further discussed in the applications of the 
general theory. Here, we shall assume that, by any of the methods referred 
to above, all y; have been determined as functions of T. 

Normally, the variables w and ¢, as defined by [12] and [13], are then also 
known as functions of T and equation [11] can be used to solve the problem 
completely. 

Equation [11] is amenable to considerable simplification. To this end, we 
introduce the dimensionless variables 


[16] E= exp( fre ir) 


17] p=% 
1” 
[18] n= a E dT 
_ gE 
The constant K is defined as 
Ts 
[20] K= E dT. 


To 


Then, equation [11] assumes the form 


fa] (#41) = 6a) 
with the boundary conditions 
¢ = 0 for n 
¢ = O for 7 


0 (hot boundary) 
1 (cold boundary). 


By equation [18] 7 is given as a function of T. All quantities known as 
functions of T, i.e., A, Cp, yi, and ¢, are therefore also known as functions of 7. 

Equation [21] can be called the reduced energy equation. Methods for its 
integration and for the determination of the eigenvalue Vo are given in 
Section 5. 

When ¢ has been determined as a function of n, the temperature distribution 
in the flame zone can be found, according to [8], [17], and [18], by the formula 


2) eo Oe .4 OM. 
MJ G2 MJ of 


Frequently, the last term in [6] can be neglected and c, can be considered as 
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constant. In this case, we have w = 0 and E = 1 and the substitutions [17], 
[18], and [19] assume the simple form 








Zz 
[17a] t= T,—Ts 
io AE 
[18a] += T;- Ts 
a an 
[19a] ¢= T,—-T,’ 


Equation [21] with its boundary conditions and equation [22] remain un- 
changed. 

Some complications may arise in the presence of equilibria because terms 
approaching the indeterminate form © X0 may appear in the expression for 
g. It is then necessary to eliminate them by means of any of the equations 
[14]. The result can again be reduced to the standard form [21], with the same 
boundary conditions, by substitutions similar to formulae [16] to [20]. 


4. THE SOLUTIONS OF THE REDUCED ENERGY EQUATION 


Equation [21] is known in mathematics as Abel’s Differential Equation of 
the Second Type. Its integration by a finite expression is, in general, not 
possible but some statements can be made on the behavior of its solutions 
which, of course, depends solely on the function ¢(7). 

We shall assume for our discussion that 7 is a monotonic function of T 
and that ¢ is always positive. This is certainly the case in the absence of such 
equilibrium reactions which would lead to indeterminate forms which would 
have to be eliminated (see equations [18], [17], and [8]). 

The function ¢ is known from kinetic data save for the factor 1/Vo? (see 
equations [19] and [13]). Evidently 


@ = 0 for 7» = 0 (T = T;). 


Under normal circumstances, all chemical reactions can be neglected for 
low temperatures up toa certain temperature 7’,. So we have 


¢=0 forn >, 
n; being the value of 7 corresponding to 7,. Then, the general solution of 
[21] is 
f= C—n for n> Ns. 


For further discussion we shall confine ourselves to the family of solutions 
which satisfy the first boundary condition 


¢ = 0 for 7 = 0. 


This condition leaves no indefinite integration constant but the solutions 
still differ by the values chosen for Vo. The curves are shown in Fig. 1 for the 
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Fic. 1. Solutions of the reduced energy equation. 


simplest case, namely, if @ is always positive. One of these curves ¢,, for a 
particular value Voo of Vo, will satisfy also the second boundary condition 


¢=Ofor 7 =1 (T = T)) 


and is therefore the real solution of our problem. 
For small values of 7, d{/dy must be positive, otherwise ¢ would become 
negative. Hence, for small n, 


Ps aN 
+ G/aay+i ~ * 


From this formula it is evident that ¢ increases with 7 as long as it is smaller 
than ¢. Then, for a certain value of 7, it becomes equal to ¢ and at the same 
time has a maximum value because d{/dyn must be zero at this point. With 7 
increasing further, @ decreases and finally becomes identically zero so that, 
for » > ns, the ¢-curve coincides with one of the straight lines ¢ = C—n. 
The value of C depends on Vo and we have only to find that particular value 
Voo for which C is equal to unity so that the second boundary condition is 
satisfied. Thus the eigenvalue Voo can be found by trial and error. 

The physical interpretation of these mathematical facts is clear enough. 
A given burned mixture could have been obtained from quite different initial 
mixtures of the same components of appropriate initial temperatures. It is 
by these very initial conditions that the flame velocity is determined. Now, 
only for one particular value Voo we find C = 1 and hence ¢ = O for n = 1. 
Otherwise, ¢ becomes zero for a value of 7 other than unity. This means that for 
a value of Vo different from Voo the composition of the unburned mixture is 
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different from that assumed originally and hence also the initial temperature 
is different. 

The function ¢ may be positive in the whole interval between 0 and », 
but it may also change its sign. In this case, since ¢ is always positive, we ; 
have 

d¢/dy = —1 for ¢ = 0 


d¢/dn < —1 for ¢ < 0. 


Only in the immediate vicinity of 7 = 0, ¢ must be positive. 


5. INTEGRATION OF THE REDUCED ENERGY EQUATION 


The following method is recommended for the numerical integration of 
equation [21]. Integrating over an interval from 7; to 2 we obtain 


[23] eat fotdan= [odd = dar. 


Now we make the interval 72—7: = An so small that the ‘‘Trapezoidal Rule”’ 
can be applied to the integral on the left-hand side. So 


$607 -- 361°? + 3 (Sethi) An = FAY 
[24] $2 = —gAntvV[(61— 340)? + AY]. 


By means of this formula, ¢ can be computed step by step. The numeric 
calculation must be repeated with different values of Vo until both boundary 
conditions are satisfied. The differences AY can be computed once for all and 
need only be changed by the factor 1/ Vo? for each run. On the other hand, the 
evaluation of formula [24] has to be repeated completely for each run but it is 
very simple and involves only additions and subtractions if a table of squares 
is used, in case no electronic computers are available. 

Nevertheless it is desirable to derive a formula which makes it possible to 
dispense with the repeated numerical integration and to find Voo directly. 
To this end, we integrate both sides of equation [21] from 7 = 0 to n = 1. 
Then, for that solution ¢, which satisfies both boundary conditions, we 
obtain 


1 1 
[25] J ean = J ean =A. 


Geometrically this means that the area A below the curve representing the 
real solution ¢, of our problem must be equal to the area below the corre- 
sponding ¢,-curve. Now let 


[26] Vo'b(n) = Voo*de(n) = F(n). 


Since ¢(n) is proportional to 1/V»?, the function F(y) does not contain this 
factor and is therefore completely known. Then 


if? 
Voo = A J F(n)dn. 








we 
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This formula can serve for computing Voo if the area A is known. In order 
to find A exactly, we should first have to find ¢, as a function of by repeated 
numerical integration. However, a very good approximate value for A can be 
found directly, because of our knowledge of the general qualities of the 
¢,-Curve. 

We shall at first assume that the function F(7) is zero in the entire interval 
between 0 and 1, save for a narrow range of 7 on either side of n» where F (nm) 
is amaximum so that 


[27] () =0. 


/ F(n) 














JL : 
(¢) ™m f ” 
Fic. 2. Solution for a sharply peaked function F(). 





Then, according to what has been said in the preceding section, the {,-curve 
will approach the broken line OBCD (see Fig. 2), so that 


A= 3(1—1nm)?. 


Since no iteration is involved in the new formulae, we can now replace Voo by 


Vo. Thus we have 
1 ' ; 
— 2 f F(n)dn |. 
Nm 0 


This formula yields amazingly good values for Vo even if the F()-curve is 
not as sharply peaked as shown. For instance, for the combustion of a stoi- 


[28] Vo = 
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chiometric mixture of methane and air, we find Vo = 40.4 cm./sec. while 
repeated numerical integration of equation [21] gives 40.8 cm./sec. The error 
is therefore only 1% although F(n) in this case differs appreciably from zero 
up ton = 0.4. 

In order to further test the accuracy of formula [28], let us assume that 


F(n) = 1—cos 277. 


This function will, of course, never be found in any real combustion process 
but it can serve for a purely mathematical test under very adverse conditions 
because it differs substantially from zero in the whole interval between 0 and 1. 
It has a maximum for 7 = n, = 3. Formula [28] then gives the result Vo = 
2./2 = 2.8284 whereas exact numerical integration gives Vp = 2.6782, i.e., 
the error is 5.3% only. 

In most practical cases of combustion, chemical reactions are confined to 
temperatures near the upper limit and therefore equation [28] will give very 
satisfactory results, the error being of the order of about 1%. 

Formula [28] bears some resemblance to a formula which was derived by 
Zeldovitch (18) and by Semenov (16) by neglecting the second and the fourth 
terms in equation [6] and making other simplifying assumptions. Written in 
our symbols, the Semenov equation reads 


[29] Vo = | Bier () (i "| 

Aopoly(T — To) 6 No 
Here ay is the initial concentration of fuel, NV; and N2 are the total numbers 
of molecules before and after the over-all reaction, v is the order of this reaction, 
6 is an average value of the 6;, and U is the rate of fuel consumption. 

Direct comparison between [28] and [29] is possible if, in the derivation of 
[28], we disregard the fourth term in equation [6] and consider c, as constant 
which is often admissible. Then, substituting from [18a], [19a], [26], [1], and 
[13], we can write equation [28] in the form 


1 Tf 4 
[28a] Vo= goal J. oar) 


where AQ is a maximum for T = Ty. 
In the Semenov formula, we can place 


_ polp(T s—To) 
ao = a 


where q is the calorific value of the fuel. The correction factors (1/5)”’ and 
(N,/N2)’ can be disregarded for the comparison because in formula [28a] 
they will be taken care of by the expression to be substituted for Q. Then, if 
we place gU = Q, the Semenov equation appears in the form 
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Formula [29a] differs from [28a] in two regards. First, the factor 1/(7T,—To) 
is replaced by 1/(7,;— To). This makes Vo too small. Second, \ in the integrand 
is replaced by \;. This tends to make V» somewhat larger. However, since 
the integral appears under a square root and since J is proportional to /T, 
the influence of the factor 1/(T7,—T>) always prevails so that the Semenov 
formula gives too small values for Vo. 


In the more complex cases, e.g., if the 6; differ very much from each other 
or if there are indeterminate forms in the expression for Q, the Semenov 
formula is not applicable. 
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ON FLAME PROPAGATION IN EXPLOSIVE MIXTURES OF GASES 
II. ON THE DECOMPOSITION FLAME OF OZONE! 


By ROBERT SANDRI? 


ABSTRACT 


The general theory developed in an earlier paper of the author is applied to 
the ozone explosion. Values of the linear flame velocity are computed under the 
assumption of constant enthalpy and, without this assumption, for different 
values of the reduced diffusion coefficient. The results do not differ very much 
and are found to be in very good agreement with experiments. They are further 
compared to the results which were obtained by Hirschfelder et al. by exact 
numerical integration and by Karman and Penner by an approximation method 
and are found to be between the values obtained by these authors. 


The principal object of the present paper is to test the accuracy and 
reliability of the general theory of flame propagation developed by the author 
(7) by applying it to a flame where complete and reliable information concern- 
ing kinetic data is available. The explosion flame of mixtures of ozone and 
oxygen is particularly useful for this purpose. Moreover, it has already served 
as a sort of ‘‘test case” for other theories of flame propagation and thus allows 
comparison between these and the present theory. 

The kinetics of the ozone decomposition has been studied by Wulf (9), 
Schumacher (8), Kassel (3), and many others. The velocity of the decomposi- 
tion flame has been measured by Lewis and Elbe (4) by the bomb method. 
The same authors have developed a theory of flame propagation for this case 
(5,6) which is based on the assumptions that the enthalpy is reasonably 
constant and that an equilibrium is established between atomic oxygen, 
molecular oxygen, and ozone throughout the flame zone. The first of these 
assumptions has proved to be correct but the second seems hardly tenable in 
view of the results of recent research. 

Recently, Hirschfelder, Curtiss, and Campbell (1) have applied their theory 
of flame propagation to the same reaction. Their treatment is virtually free 
from arbitrary assumptions and their results are in very good agreement with 
experiments. However, it involves a great many very difficult and complicated 
numerical computations. 

Subsequently, Karman and Penner (2) solved the problem on the basis of a 
simplified theory. Their results do not differ much from those of Hirschfelder, 
Curtiss, and Campbell. 

As far as reaction kinetics is concerned, we shall adopt here the same 
hypotheses as Hirschfelder et al. and Karmdn and Penner. The over-all 
reaction is 

O; — 1402 + 34535 cal. 


1Manuscript received October 17, 1956. 
Private contribution. 
2Canadian Westinghouse Co. Lid., Hamilton, Ont. (WT). 
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Actually, the following reactions take place: 


O0+0.+ X = O;+ X+24140 cal. {I] 
O +0; = 202 + 93210 cal. [II] 
O.+ X & 20 + X + 117350 cal. {IIT} 


where X represents a molecule of any of the components of the mixture. 
The rates of these reactions (in mole/sec. cm.*) are given by the formulae 


QQ) Uu® = U,%-U_™ = 10°nvVT (0.230nyry2— 10.56 y3¢ 7 *°/**) 
[2} VU? = U4%-U_® = 10° nVT (7. dy iyse rr?” — 2.93 ye" e979") 
[3] U® =U, —U_® = 10°nvVT (8.92y2e 74 /*? —0.482ny,’) 


where 41, y2, and y; are the mole fractions of atomic oxygen, molecular oxygen, 
and ozone, 1 is the total concentration (in mole/cm.*), R is the gas constant, 
and T is the absolute temperature. If we suppose that y; is very small through- 
out the flame zone, it follows from the above formulae that 


uU™ < g.™. 


This term U_® can therefore be disregarded. Likewise it is obvious that 
U, and U_® can be neglected because of the large negative exponents. 
Further, if the concentration of atomic oxygen is very small, its rate of 
formation or consumption must be near zero so that 


[4] y@+y™ =Q= U,@—yv_+0,™. 


Consequently 
10.56y3e °414°/*” 
[5] a =, ,~6000/R 
0.23ny2+7. liye 


because the first term in the denominator is found to be very small as compared 
to the second, except for a negligible range of temperature adjacent to the 
upper limit 7, where the concentration of ozone is approaching zero so that 
y3 becomes comparable to yy. 

The values of y computed by formula [5] are virtually identical to those 
found by Hirschfelder, Curtiss, and Campbell. They make up only small 
fractions of a per cent of the mixture so that 


[6] Yotys = 1. 





o= 1.474¢718140/R7 


Equations [5] and [6], together with the hypothesis of constant enthalpy or 
other assumptions which will be introduced later on, make it possible to 
compute yi, y2, and y;. Substituting them in the terms for U,“, U_, U_®, 
and U,, we can easily verify that these terms are indeed quite negligible. 

Thus the system of reactions is virtually reduced to the chain mechanism 


O;+X —~0:+0+X 
O;+0O0 — 20s.. 
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Atomic oxygen is present only as a trace, the concentration of which is deter- 
mined by the condition that the rate of the above two reactions must be the 
same, i.e., 


) = T, (2 
U_® = U,®, 


The concentration y; of the atomic oxygen attains a maximum at a tempera- 
ture less than one degree below 7;. Above that temperature, atomic oxygen 
is finally consumed, together with the remaining ozone. 

It should be emphasized that, although y; is very low, it is still far higher 
than the equilibrium concentration in the whole flame zone except for T = Ty, 
where, of course, 


UM = U® = U® = Q, 


This last equation gives extremely low values for both yi, and ys, so that 
later on we shall place yi, = ys, = 0. 
Lewis and Elbe (5), on the other hand, assumed that in the entire flame 
zone 
U_) = U,%, 


This could only be true if both U_™ and U,“ were far larger than U,, 
which is not consistent with formulae [1] and [2] and leads to values for the 
flame velocity which are far too high (see Table I). 

We can assume with a very good approximation that the specific heat per 
unit mass of each of the three components is the same. Moreover, no appreci- 
able error is caused by considering c, as constant. (The same assumptions were 
made by Hirschfelder et a/. and by Karman and Penner.) 

In order to apply the general theory (7) we have to find a function F(n) 
which, in this case, is given by the simple formula 





Voe OQ 
7 = = 7 9 
"7 F(n) T;—To pop (Ts—To) 
where 
eee 
[8] i ies T;- , yl ° 


Here, \ is the thermal conductivity, Q is the heat produced per unit of time 

and volume, po is the specific mass of the gaseous mixture at the temperature 

T> (the subscript 0 referring to the unburned mixture), Vo is the linear flame 

velocity at the same temperature, and c, is the specific heat per unit mass. 
From [I], [II], [1], and [4] we find (disregarding U) 


[9] Q = —24140U_+93210U, = 69070U_™. 


This formula, as we have seen, holds for the entire flame zone except for a 
very narrow range of temperature near 7; which is not important for the 
determination of the flame velocity V». For c, an average value is chosen so 
that the correct flame temperature 7, is obtained: 


Y30N0 ror 30 ear 
10 eee ——— 
[10] C= (T>—To)po X 34535 = (T,—To)me X 34535 
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where mp is the molecular weight of the unburned mixture. Moreover, in 
accordance with Hirschfelder et al., we place 


\ = 5.26 X 10° °V/T. 


Then, substituting in [7], we find 


—12150/T —A/T 
/ e / 


= ea sae 
[11] F(n) = 3.23 X 10 (2: (Ty To) a — ys = K Syn 


We have still to express y; as a function of n. To this end we shall first use the 
hypothesis that the enthalpy is reasonably constant throughout the flame 
zone. Then, since the concentration of atomic oxygen is negligible, a linear 
relationship must exist between y; and T and consequently 





[12] Ys = Yson. 


The function F(n) is found to be virtually zero in the larger part of the interval 
between 0 and 1 except for small values of 7, i.e., near the hot boundary of 
the flame zone. Under these circumstances the flame velocity can be found 
with a very good approximation by the formula 


1 ; , 
[13] Vo = |e j Fia)dn | 


where F(n) isa maximum for 7 = 1m. 
In our case 





, dF 1,T;-T. A 
F'(n) = =” [detente Aer, 7) |e. 


Placing F’ (nm) = 0, we find 


rr," 


se =" Gaia’ 





Further, we find 








J, Foddn = GRR (AFT )-Ei(-A/T)+Ei(—A/To)] 
as [T; e* Ty 7 e4 ae 








~ Ky30 
ie. = <<, 5 
[ 5] (T;- oe 


where, by definition, 


[—(A+T,) Ei(—A/T,)—-T, &*/""] 


~ its) < f + edt. 
Tables for this ‘‘exponential integral’’ are available. 

Formulae [13], [14], and [15] make it possible to find Vo. The results are 
very satisfactory (see Tables I and II). As a matter of fact, Hirschfelder et al. 
(1) found an almost linear relationship between y and T in the entire flame 
zone, which means that the enthalpy is indeed nearly constant, as supposed. 
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However, an even better accuracy can be attained by utilizing the fact that 
chemical reactions are virtually confined to temperatures near T;, in order 
to find a more exact formula for y3. 

According to the general theory (7), the following equations hold: ' 








[16] (%#.-1) +6 ot 
a(s én_n) 
[17] i(4, wT at" ** 
where 
3 
Vopolp dx 
-- Dosplp 
[18] ‘ 
= 
: Vo po Cp 


Here, D2; is the diffusion coefficient of the binary mixture of oxygen molecules 
and ozone, the function ¢ is defined by equation [7], and U; is the rate of 
production of ozone. Evidently 


[19] U; = UM—U® = —2U_, 


We have now to regard conditions in the neighborhood of T,. Here the 
molecular weight of the mixture m is equal to 32. Moreover, \ and all functions 
of T in equations [1] and [2] can be regarded as constant. The only variable 
quantities are y; and the difference T,—T or 7 as defined by [8]. So we have 














= Ty—- 10 ated - Ts— To 

[20] = Vor K y, ee Vor Cys. 
From [7], [9], [10], [18], [19], and [20] we find 

2 26» = __¥30C 
[21] V3 = 69070 — moVo- 3. 
Now let 
[22] — kn 
[23] 2 = hn. 
Then, substituting in [16], we find 

h ) « Le. 
[24] (7 T+! = V2 (Ty—To). 


Now, it can easily be seen from equations [11], [13], and [22] that the value 
obtained for Vo will be proportional to »/k. With the assumption of constant 
enthalpy H, the factor of n was y30 (see equation [12]). Hence, if we denote by 
V yo the value of the flame velocity found for H = const., we have 


k 30 


| ae 


F 
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Thus we can eliminate k from equation [24] and we find 





Me gl (/ (; ze.) 
[25] T;- Te = 9 + 4 + Vizo ° 
Substituting from [21], [22], and [23] in [17], we find 
[26] Ve? m y30C 


~ mo (h/(Ty—To) 8+h/(T;—To) * 


By means of equations [25] and [26], an improved value Vp» can be computed 
from Vo. The constant C is defined by equation [20]. 

The method used here for the improvement of Vo is similar to the one 
employed by Karman and Penner (2), inasmuch as y3 is assumed to decrease 
linearly with 7 in the temperature interval near T, and as the rate of decrease 
is determined at the point 7 = 0 (T = T,). However, Karmdn and Penner do 
not use equation [13] for the determination of V> but a quite different method. 

The results obtained by the author of this paper and by other investigators 
are shown in Tables I and II. Table I shows the values of Vo obtained for the 








TABLE I ; 
FLAME VELOCITY Vo (CM./SEC.) FOR y30 = 0.25, To = 300°, Ty = 1250° 
Calculated by . Vo = 253 
Lewis and Elbe (for yso = 0.2466, T; = 1239°) 
Hirschfelder et al. Vo = 51 Ve = 47 
for 6 = 0.75 6 = 0.94 
K4rman and Penner Vo = 46 Vo = 42 
for = 0.562 6 =0.704 
Author Vuo = 42.5 Vo= 50.3 Vo=46.2 Vo=45.0 Vo = 41.1 
ford = 0.562 6=0.704 6 =0.75 6 = 0.94 





ozone explosion for ys = 0.25, To) = 300°, and 7; = 1250°, calculated by 
Lewis and Elbe (5), by Hirschfelder e¢ al. (1), by Karm4n and Penner (2), 
and by the author, for several values of 5. The flame velocity was measured by 
Lewis and Elbe (4) at 55 cm./sec. for slightly different values of yso and Ty. 
It will be noted that, for equal values of 6, the results of the author are between 
those obtained by Karman and Penner and by Hirschfelder et al. 

Table II shows the flame velocities measured by Lewis and Elbe for three 
different ozone explosions and the values calculated for them by Lewis and 











TABLE II 
FLAME VELOCITY Vo (CM./SEC.) 
¥s0 To Ty Vo Vo Vo Vo (calc. by author) 
meas. Lewis Karm4n 6 = 0.704 6 = 0.94 Va 
and Elbe 
0.2466 300° 1239° 55 253 41 44.5 40 41 
0.4005 301° 1680° 141 —_ 147 151 137 147 


1922° 160 333 225, 236 212 231 
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Elbe, by Karman and Penner, and by the author for 6 = 0.94 and 0.704 and 
for H = const. (The first value of 6 is the one generally assumed by Hirsch- 
felder et al., the second, by Karman and Penner.) The values computed for 
5 = 0.94 seem to be the best but it will be noted that the assumption of 
constant enthalpy also gives very satisfactory results. 
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ON FLAME PROPAGATION IN EXPLOSIVE MIXTURES OF GASES 


Ill. FLAME PROPAGATION IN MIXTURES OF METHANE AND NITROGEN AIR, 
HELIUM AIR, AND ARGON AIR! 


By ROBERT SANDRI? 


ABSTRACT 


The general theory developed in an earlier paper of the author is applied to 
the combustion of mixtures of methane and nitrogen air, helium air, and argon air 
where dissociation of the end products is negligible. The oxygen atom chain 
is assumed to be rate-determining. Absolute values of the flame velocity are 
computed for mixtures containing 8% of methane and for the stoichiometric 
mixtures. The results are found to be in very good agreement with experimental 
values. Dependence on pressure is likewise found to be in very good agreement 
with experiments. The temperature distribution in the flame zone is also 
computed. 


The combustion of methane has recently been the object of intensive 
experimental and theoretical research. Measurements of flame velocities in 
methane-oxygen-nitrogen mixtures by the Bunsen burner method were made 
by Jahn (5) and by Sachsse and Bartholomé (10). By the same method, 
Clingman, Brokaw, and Pease (2) carried out measurements on mixtures of 
methane and nitrogen air, helium air, and argon air. Singer (13) used a careful 
extrapolation from Bunsen burner measurements to find flame velocities for 
methane and other hydrocarbons, and Manton, Elbe, and Lewis (7) made 
measurements by the bomb method. 

Bartholomé, Dreyer, and Lesemann (1) calculated the flame velocity in 
the stoichiometric mixture of methane and air at 200 cm./sec. This value is 
far too high, chiefly because diffusion was neglected completely in the deriva- 
tions. 

Dugger and Simon (3) used the approximation formulae of Semenov, of 
Tanford and Pease, and of Manson for calculating relative values of the flame 
velocity in methane—air mixtures. Of these, the Semenov formula seems to 
give the best results. 

The general theory of flame propagation developed by the author of this 
paper (11) can easily be applied to the combustion of methane and makes it 
possible to compute absolute values of the flame velocity which serve as a 
check for the validity of the assumptions made concerning the mechanism of 
the reactions involved. 

Let us first consider the system of reactions. The over-all reaction is 


CH, + 202 — CO, + 2H.0O + 191700 cal. [I] 


The actual reaction mechanism is, of course, far more complex. Sachsse (9) 
could explain the results of his experiments on the temperature dependence 
of the induction time of the methane—oxygen reaction by assuming a reaction 


1Manuscript received October 17, 1955. 
Private contribution. 
*Canadian Westinghouse Co. Ltd., Hamilton, Ont. (WT). 
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mechanism which was first proposed by Norrish (8) and was also assumed by 
Bartholomé (1): 


CH. + O: — CH,0+0 — CO+H:+ 0. (III) 


Reaction [II] is supposed to be far slower than [III]. Moreover, carbon mon- 
oxide and hydrogen are consumed by subsequent reactions proceeding at a 
much faster rate than [II], so that reaction [II] is really rate-determining. 
Since the oxygen atoms are always reproduced in this chain, the concentration 
of the atomic oxygen is determined by dissociation according to the oxygen 
equilibrium 

O. = 20. [IV] 


In view of the high activation energy of [IV], this mechanism holds only for 
high temperatures near the end temperature 7, where virtually all of the 
combustion takes place, while in the usual temperature range of kinetic 
experiments other systems of reactions prevail. 

The equilibrium concentration according to [IV] is extremely low even at 
high temperatures.* Likewise, carbon monoxide and hydrogen are rapidly 
consumed by other reactions so that only the substances present in the over-all 
reaction [I] and the nitrogen of the air (or another inert gas replacing it) can 
exist in appreciable concentration in the gaseous mixture. Under these cir- 
cumstances, the stoichiometric relations following from [I] must hold through- 
out the flame zone. Let yi, ye, y3, y4, and ys be the mole fractions of methane, 
oxygen molecules, carbon dioxide, water, and the inert gas, respectively. 
Then, since te other mole fractions are negligibly small, 


[1] Vityvet Vat VitYs =1. 


Let the subscript 0 refer to the initial mixture of the initial absolute tempera- 
ture 7) and the subscript f to the burned flame gas of the temperature T’. 
Then 


[2] 2(v10— 91) = 7a 5 = 2(¥3— 30) = Ya—YVao- 


Since reaction [I] does not change the total number of molecules the mole 
fraction of the inert gas remains constant: 


[3] Ys = const. = Yo5o. 


Equations [2] and [3] make it possible to express all mole fractions by one of 
them, e.g. yi, while equation [1] is automatically satisfied. 

In order to apply the general theory, it is necessary to express all mole 
fractions as functions of temperature. This can best be done by using the 
hypothesis that the enthalpy of the gaseous mixture is reasonably constant 
throughout the flame zone. This hypothesis has been backed by several 
authors. It has been found to give very satisfactory results for the ozone 


*Conditions here differ considerably from those in the ozone explosion (12), because of the 
absence of a high initial ozone concentration. 
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explosion (12) and the very good agreement with experimental results which 
will be obtained will justify its introduction in the present case. 

Therefore, if we disregard the enthalpy of the intermediate products whose 
concentrations are negligible, we have 


[4] g(yio—N1) = C,(T—T). 


Here, g is the heat produced per mole of methane and C, is the specific heat 
per mole of the mixture. 

According to the general theory (11), the linear flame velocity Vo and the 
temperature distribution in the flame zone can be found by solving the 
reduced energy equation 


‘ dg ) " 
with the boundary conditions 
¢ = 0 for » = 0 and for n = 1. 


For mixtures which do not contain hydrogen in a high concentration, 7 and ¢ 
are given by the formulae 





» 5. 
[6] a T;- Ts 
i A Q 
[7] = (VonoC,)* Ts To” 


Here, \ is the thermal conductivity of the mixture, m» is the initial concentra- 
tion of the mixture (mole/cm.*), and Q is the heat produced per unit of time 
and volume. 

We have now to find Q. Evidently 


[8] Q=qlUi 


where U, is the over-all rate of consumption of methane (in mole/sec. cm.*) 
which can be computed from the number Z of collisions between methane 
molecules and oxygen atoms. According to the kinetic theory of gases - 


(9] i. 2N'nnet 4/ MTM6 o RT 


m m6 





Here, m; and mgs are the concentrations and m, and mg are the molecular 
weights of methane and atomic oxygen, N is the number of molecules per 
mole, and a is the molecular diameter effective in these collisions. 

In order to eliminate ms, we use the constant of the oxygen equilibrium 
[III]. According to Bartholomé (1), for the range of temperature under 
consideration, 


[10] ne = »/(670 nz) errr 
Now let E be the activation energy of reaction [II]. Then 


. _2 —E/RT 
[11] U; aa ind > 
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The function ¢, as given by equations [7], [8], [9], [10], [11], contains several 
factors which are always the same and can therefore be replaced once for all 
by their numerical values: 


Mm: =m, = 16 
R 
N 


8.315 X 10’ ergs/mole degree 
6.02 X 107% 
o = 2.6 X 107° cm. 


I 


Further, we place 
A= kvV/T. 


The heat conductivity \ is not really proportional to ./7 but increases faster 
with temperature. In spite of this, the above assumption is justified because 
the effective collision diameter o decreases with increasing temperature so 
that the product Ao? is very nearly proportional to ./T. 

The activation energy E of reaction [Ii], according to Harteck and Kopsch 
(4), is between 3000 and 9500 cal./mole. Sachsse (9) found the activation 
energy of the over-all process to be equal to 62000 cal./mole. In order to make 
the sum of the dissociation energy per oxygen atom plus activation energy 
equal to the experimental value, we place 


E = 3500 cal./mole 


which is inside the above limits. 
Substituting these values and applying the gas law, we find 


2 —31000/T 
[12] ree Se 
VoOpVp yo-ny VT 
The pressure p is to be measured in megabars. The mean specific heat C, 
varies somewhat with the methane contents of the mixtures and should 
therefore be computed separately for each mixture. 

We have still to express y,; and y2 by 7. We assume that the end products 
are not dissociated which is very nearly true if we confine ourselves to the 
combustion of methane in air or in helium air or argon air because in these 
cases the end temperature is not excessive. 

We have to distinguish three cases: excess of air, stoichiometric mixture, 
and excess of methane. For an excess of air 


Nz = 0, Jor = 0.21—2.21 V10 
and from [2], [4], and [6] we find 


wiv yo — 4/ Yor 
13 V9 \/2y att 
[13] Yi0—Yiz V Yi0 sla 0 


For an excess of methane 











Yor = 0, Vy = 1.105919 —0.105, Yoo = 0.21(1—yio), 


[14] VY Vrn( 14224) Vi 


Yio— Viz 
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For the stoichiometric mixture 


Vis = Yor = 0, Yio = 0.095, 


[15] VI V/V. 


By substituting these formulae in [12], we obtain ¢ as a function of 7, because 
T is known as a function of n from equation [6]. 

The flame velocity V» is then computed as the eigenvalue of equation [5]. 
This can be done either by repeated numerical integration or by means of the 
approximation formula 


1 } 
[16] Ve = Fa |2 J Fta)da | 


where F(n) = Vo?¢ and ¢ is a maximum for 7 = nm. The function F(n) does 
not contain Vp» and is therefore completely known. The integral in [16] can 
best be evaluated by Simpson’s formula. 

Numeric calculations according to formula [16] were carried out for 8% 
methane and 9.5% methane (stoichiometric) in nitrogen air, helium air, and 
argon air. The results are shown in Table I. The experimental values are those 
found by Clingman, Brokaw, and Pease (2). The initial temperature was 











TABLE I 
FLAME VELOCITY Vo (CM./SEC.) 

View Veale Ty k = d//T 
te 8% CH, 28 26.5 2036° * 
N-air 9.5% CH, 39 40.4 mie} 3.64X10° 

; 8% CH 115 104.1 2408° 
He-Air 9.5% CH, 132.5 147.8 a} 11.8X10~ 

as 8% CH, 74 73.1 2408° 
A-Air 9.5% CH, 93.5 103.6 gaia } 2-86X10- 





chosen as 293°K. and the pressure as one megabar. The mean values of C, 
were found by dividing the total heat developed per mole of the mixture by 
the temperature difference T7,;— 7», where 7; was calculated by thermodynamic 
methods. Thus, allowance was made for the slight amount of actual dissocia- 
tion of the end products. 

The excellent agreement between theory and experiments can be regarded 
as proof of the correctness of both the mathematical method used and the 
reaction mechanism and kinetic data assumed. 

The present theory is not applicable for a substantial excess of fuel because 
in this case carbon is primarily formed in the flame zone which results in the 
presence of carbon monoxide in the burned mixture. The computed flame 
velocities are consequently too high. Formula [14] can therefore only be used 
for a very slight excess of methane. In this case the theory predicts an increase 
of flame velocity beyond the value for the stoichiometric mixture, a result 
which is well consistent with experience. This is due to the fact that for small 






| 











336 CANADIAN JOURNAL OF CHEMISTRY. VOL. 34, 1956 


values of » the function F(n) becomes zero of the order } while for the stoi- 


chiometric mixture it becomes zero of the order 3/2. 

Formulae [12] and [16] imply that the flame velocity is proportional to 
p-*5. Lewis (6), who carried out exact measurements on the pressure de- 
pendence of the flame velocity, found for the stoichiometric mixture the 
pressure exponent »y = —0.18 and for the 8% mixture vy = —0.26. For mix- 
tures containing more methane and oxygen and less nitrogen he found that v 
increases and finally becomes positive. This is undoubtedly due to the fact 
that for these richer mixtures higher end temperatures are attained so that 
the influence of dissociation becomes considerable at low pressures, thus 
diminishing the flame velocity at low pressures. 

The dependence of Vo on the initial temperature JT) and on the specific 
heat C,, on the other hand, is not simply expressed by the factor T)/+/C, 
because 7» and C, also affect the end temperature 7, which in turn greatly 
affects Vo, so that Vo increases faster than this factor. The flame velocity 
should further be proportional to »/A. The very good results obtained for 
helium and argon air seem to confirm the correctness of the theory in these 
regards. 

For the stoichiometric mixture of methane and nitrogen air, equation [5] 
was also solved by repeated numerical integration. This gives an eigenvalue 
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V») = 40.8 cm./sec., as compared to 40.4 obtained by formula [16]. The 
temperature distribution in the flame zone can then be found by an ordinary 
quadrature 


a ___1_ Ad 
[17] C= ed | 7 


The result is shown in Fig. 1. The integration constant was eliminated by 
placing x = 0 for T = 1000°. The temperature limits JT) and T; are attained 
only for x = * ». However, the thickness of the flame zone is practically 
very small (0.2 mm. for 95% of the total temperature difference), a result 
which is very well consistent with generally adopted ideas about the structure 
of flame zones. 

The same figure shows also the quantity ¢ which is proportional to the rate 
of reaction [II] as well as to the rate of heat development, plotted against x. 
Most of the heat development takes place at temperatures near T’. 
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THE ALDOBIOURONIC ACIDS OF HEMICELLULOSE 
B OF OAT HULLS! : 


By E. L. FALCONER? AND G. A. ADAMS 


ABSTRACT 


Partial hydrolysis of hemicellulose B from oat hulls yielded two aldobiouronic 
acids, which were identified as 2-O-(4-O-methyl-a-p-glucopyruronosyl)-D-xylose 
and 2-O-(a-p-glucopyruronosyl)-D-xylose respectively. In addition, two aldo- 
triouronic acids were isolated, one yielding on hydrolysis xylose and 4-O-methyIl- 
glucuronic acid, and the other, xylose, galactose, and glucurone. 


INTRODUCTION 


Previous investigations (2, 5, 8) have shown that the extractable hemi- 
celluloses of oat hulls consist principally of xylan, with which small amounts 
of araban are either combined or admixed. Acid hydrolysis of the hemi- 
celluloses also released uronic acids among which an aldotriouronic acid, 
containing D-galactose and pD-glucuronic acid, was reported (2). This acid has 
never been reported as a component of other cell wall polysaccharides although 
similar acids have been isolated from plant gums. Since the previous investi- 
gations were carried out before the modern techniques of chromatography 
became available, it was felt that a further examination of the acid compo- 
nents of oat hull hemicellulose would be of interest. 

In the present study the hemicelluloses of extractive-free, pectin-free oat 
hulls were isolated by successive extractions with 2% sodium carbonate, 5% 
sodium hydroxide, and 10% sodium hydroxide. These fractions were in turn 
separated into hemicellulose A, which was precipitated on slight acidification 
of the extracts with acetic acid, and into hemicellulose B, which remained 
soluble in the acidified extract but was precipitated with four volumes of 
ethanol. All hemicellulose fractions isolated by the various extraction pro- 
cedures were composed primarily of D-xylose and L-arabinose residues. Two 
fractions (5B and 10A, Table I) also contained small amounts of p-galactose 
and p-glucose respectively. The fractions extracted with sodium carbonate 
(2A and 2B) had a high uronic acid content. A similar observation was made 
by Mitchell and Ritter (9) on the fraction of maple wood _holocellulose 
soluble in 2% sodium carbonate. Since the uronic acids of fractions 5A and 
5B showed similar compositions, the acidic oligosaccharides of fraction 5B, 
the largest hemicellulose fraction, were selected for further study. 

The acidic components formed by partial hydrolysis of hemicellulose 5B 
were isolated by ion exchange resin and were separated by paper chromato- 
graphy into four fractions. The relative proportion and analysis of the four 
fractions are shown in Table II. By equivalent weight estimations fractions 
I and III were shown to be aldotriouronic acids with fraction I containing 

1Manuscript received November 22, 1955. 

Contribution from the Division of Applied Biology, National Research Laboratories, Ottawa, 


Canada. Issued as N.R.C. No. 3865. 
2National Research Council Postdoctorate Fellow, 1954-56. 
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galactose, xylose, and glucurone and fraction III being composed of xylose 
and 4-O-methyl glucuronic acid. Fractions II and IV were aldobiouronic 
acids composed of glucuronic acid — xylose and 4-O-methyl glucuronic acid 
— xylose respectively. Reduction of these uronic acid fractions yielded the 
corresponding disaccharides after which the monosaccharide components 
were identified by hydrolysis and isolation of suitable crystalline derivatives. 

Methylation and hydrolysis of the disaccharides obtained by reduction of 
fractions II and IV provided a means of locating the glycosidic bond attach- 
ments. An improved method of methylation was employed using dimethyl 
sulphate with solid sodium hydroxide in anhydrous tetrahydrofuran instead 
of water. Only one methylation treatment with these reagents was required 
to convert the methyl glucosyl-xyloside to a fully methylated product. Since 
the resulting methylated sugars from each fraction were chromatographically 
identified in three solvents and found to be identical only those from fraction 
IV were fully characterized as 2,3,4,6-tetra-O-methyl-p-glucopyranose and 
3,4-di-O-methyl-D-xylose by physical constants and derivative formation. 
The results showed that fraction II was 2-O-(a-p-glucopyruronosyl)-D-xylose 
and that fraction IV was analogous to it but containing a methyl ether at 
C(4)-of the glucuronic acid. Fraction IV was, therefore, identical with the 
aldobiouronic acid isolated from hemicelluloses of aspen wood (7), corn cobs 
(10), beechwood (3), scots pine, and black spruce (4). Fraction II was the same 
as the aldobiouronic acid obtained from sapote gum (12). Aldobiouronic 
acids identical with fractions II and IV have been found together previously 
only in hydrolyzates of wheat bran (1) and corn cob hemicelluloses respectively 
(10, 11). | 

The presence of galactose as part of the aldobiouronic acid (fraction I, 
hemicellulose 5B) could not be established because sufficient quantities of 
material were not available for a structural study. However, it seems clear 
that the main uronic acid component from oat hulls contains xylose and not 
galactose as its neutral sugar component. The results of the present investiga- 
tion show that the main uronic acid components of oat hull hemicelluloses fit 
the general pattern of the glucuronic acid — xylose acids found in the cell wall 
hemicellulose of many plants. 


EXPERIMENTAL 

Paper Chromatography 

Separations were performed by the descending technique on Whatman 
No. 1 filter paper. A saturated aqueous-butanol solution of aniline hydrogen 
oxalate was used as the spray reagent. The following solvents (v/v) were used: 
(A) ethyl acetate — acetic acid — formic acid — water (18: 3: 1: 4), (B) ethyl 
acetate — pyridine — water (2: 1: 2; upper layer), (C) 2-butanone—ethanol-— 
water (20: 5: 2), and (D) benzene-ethanol—water (169: 47: 15; upper layer). 


Preparation of Oat Hull Hemicelluloses 


Finely-ground oat hulls were extracted with the benzene-ethanol azeotrope 
(2: 1) for two days in a Soxhlet apparatus. After being air-dried, the material 
was extracted for three hours with 0.5% ammonium oxalate at 80—-85°C. 
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and for 16 hr. with the same extractant at room temperature, and was finally 
washed by stirring with large quantities of water at room temperature. 
The extractive-free, depectinized hulls were then consecutively and exhaust- 
ively extracted at room temperature with 2% sodium carbonate, 5% sodium 
hydroxide, and 10% sodium hydroxide; the alkali extractions being carried 
out in a nitrogen atmosphere. Acidification of the filtered extracts with glacial 
acetic acid yielded precipitates of hemicelluloses A, and concentration of the 
filtrates and precipitation into four volumes of ethanol yielded hemicelluloses 
B. The hemicelluloses were recovered by centrifuging, washed with 80% 
(v/v) aqueous ethanol, slurried with water, and dialyzed against distilled 
water. The resulting slurries were poured into four volumes of vigorously 
stirred ethanol, washed with ethanol, rinsed with ether, and dried in vacuo. 
Yields, based on the oven-dried, extractive-free oat hulls, and ash (sulphated) 
contents are given in Table I. 











TABLE I 
YIELDS AND ASH CONTENTS OF CRUDE HEMICELLULOSES FROM DRIED, EXTRACTIVE-FREE OAT 
HULLS 
Hemicellulose 
Extractant fraction Yield, % Sulphated ash, % 

2% sodium carbonate 2A 0.10 38.01 

2B 0.40 28.53 
5% sodium hydroxide 5A 12.3 4.78 

5B 14.9 12.00 
10% sodium hydroxide 10A 0.49 2.21 

10B 1.86 8.91 





Qualitative Examination of Hemicellulose Fractions for Sugar Components 


The hemicellulose fractions were all light brown powders which were 
partially soluble in water. Hydrolysis with 3% sulphuric acid for 12 hr. and 
paper chromatographic examination of the hydrolyzates using solvent B 
showed xylose and arabinose to be the principal constituents of all fractions. 
Galactose occurred only in fraction 5B and glucose in fraction 10A. Fractions 
2A and 2B had relatively high uronic acid contents. No other differences 
between the fractions were evident. The residue which remained after the 
alkaline extractions yielded glucose, xylose, and arabinose on hydrolysis. 
Insoluble lignin-like material remaining after acid hydrolysis amounted to 
‘7.84% for fraction 5A and to 18.38% for fraction 5B. Isolation by means of 
an anion exchange resin (Amberlite IR-4B), and further paper chromato- 
graphic examination of the acid constituents of the hydrolyzates of fractions 
5A and 5B using solvent A revealed that these fractions had similar composi- 
tions. Further study was therefore concentrated on fraction 5B where these 
components occurred in apparently larger amounts. 


Separation of the Uronic Acid Constituents of Hemicellulose Fraction 5B and 
Identification of the Sugar Components 
Hemicellulose 5B (75 gm.) was partially dissolved by stirring in hot water 
(2 liters) for one hour. A 4% solution of sulphuric acid (1850 ml.) was then 
added and the mixture was boiled under reflux for 11 hr. The insoluble material 
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was separated by centrifuging and again heated for an additional 10 hr. in 
3% sulphuric acid (1 liter). The acid hydrolyzate was heated to about 80°C., 
brought to pH 5.6 by solid barium hydroxide and then to neutrality with 
barium carbonate. Decolorizing charcoal was stirred into the hot mixture, 
and after settling and cooling, the clear supernatant liquid was poured off 
and filtered. The filtrate was passed slowly through a double column containing 
Amberlite IR-120 cation-exchange resin (150 ml.) followed by an equal 
volume of IR-4B anion-exchange resin, and the resins were washed with large 
quantities of water until the washings were negative to the anthrone test (6). 
The column was dismantled, and the IR-4B resin containing the absorbed 
uronic acids was transferred to a beaker. The resin was stirred in 4% sulphuric 
acid (1060 ml.) for one hour after which the uronic acids were recovered by 
washing the resin, in a column, with 0.02 N sulphuric acid. The eluate was 
neutralized with barium carbonate, filtered, and finally passed through IR-120 
cation-exchange resin (150 ml.) before being concentrated to a sirup (4 gm.). 
A paper chromatogram of the sirup developed in solvent A showed four 
components with R, (rate of flow relative to xylose) values of 0.09, 0.27, 
0.36, and 0.68 together with small amounts of D-xylose and a methoxyglucu- 
ronic acid, R, 1.45. 

A sample of the sirup containing the mixed uronic acids was converted to 
the methyl glycoside methy] ester mixture and reduced with lithium aluminum 
hydride in tetrahydrofuran (as described later). Hydrolysis of the reduced 
oligosaccharides and paper chromatographic examination using solvents B 
and C indicated the presence of D-glucose, D-xylose, and 4-O-methyl-p-glucose. 
Separation of the sugar mixture on large sheets of paper was carried out in 
solvent C for 17 hr. at 28°C. Recovery of the three materials yielded: 

(a) Four parts (by weight) of a sirup corresponding to a-D-glucopyranose: 
[a]?® +44.1° (c, 3.6 in water); osazone, dec. 202-204°C. An X-ray powder 
pattern of the osazone confirmed its identity with that of an authentic sample 
of p-glucosazone. 

(6) Nine parts of crystalline a-D-xylopyranose: [a]? +56.6° (7 min.) —+19° 
(1.5 hr., constant) (c, 2.5 in water), m.p. and mixed m.p. 144-145.5°C. (from 
ethanol). The X-ray powder pattern of these crystals was identical with that 
of a known sample. 

(c) Seven parts of a sirup of 4-O-methyl-p-glucopyranose: [a]?° + 57.2 
(c, 1.6 in water); osazone, [a]?° —32 (10 min.) — +9 (48 hr., constant) (c, 0.5 
in 2% ethanolic pyridine); m.p. and mixed m.p. 158.5-159.5°C. (from benzene 
containing a little ethanol). The identity of the osazone was confirmed by 
comparison of its X-ray powder pattern with that of a known sample of 4-O- 
methyl-D-glucosazone. 

These observations confirm the presence of D-xylose, D-glucuronic acid, 
and 4-O-methyl-p-glucuronic acid as the principal monosaccharide components 
of the acid fraction of hemicellulose 5B. 

Chromatographic Separation of Uronic Acid Fraction Components from a 

Hydrolyzate of Hemicellulose 5B 

The uronic acids from a partial hydrolysis of the hemicellulose were separated 
on 30 sheets of Whatman No. 1 filter paper (11.25 in. X 18.5 in.) using solvent 
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A and a developing time of 25 hr. The various fractions were eluted from the 
paper with water, the solutions were concentrated to small volume, decolorized 
with charcoal, and evaporated to dryness. Properties of these fractions are 
shown in Table II. 











TABLE II 
PROPERTIES OF THE URONIC ACID FRACTIONS FROM HEMICELLULOSE B OF OAT HULLS 
Fraction Weight Re [ce]25 Neutn. OMe, Sugar 
ratio (solvent A) ‘pb equiv. % componentsf 

I 1 0.09 +40 440 1.42 Galactose, xylose, 
glucuronic acid 

II 5 0.27 +88 .4 332 1.00 Xylose, glucuronic acid 

Ill 2 0.36 +79 440 6.76 Xylose, 4-O-methyl 
glucuronic acid 

IV 6.5 0.68 +94.5 346 8.54 Xylose, 4-O-methyl 


glucuronic acid 





*R, = rate of flow relative to D-xylose. 
{Based on chromatographic identifications. 


Examination of Uronic Fraction IV 

The material had a higher R, value (0.68) than galacturonic acid (R, 
0.50) in solvent A in which glucuronic acid moved completely as glucurone 
(R, 1.80). This observation was further evidence suggesting the presence of a 
methoxyl group. Anal.: Calc. for Ci;3H17O0i9(OCH3): OMe, 9.12%; equiv. wt. 
340.3. Found: OMe, 8.54%; equiv. wt., 346. 

Hydrolysis of the aldobiouronic acid with N sulphuric acid for 16 hr. in a 
sealed tube at 110°C. followed by paper chromatography with solvents A and 
B revealed the presence of D-xylose and 4-O-methyl-p-glucuronic acid in 
addition to some unchanged material. 

A sample of the aldobiouronic acid (527 mgm.) was converted to the 
glycoside, ester form by heating with 2% methanolic hydrogen chloride (25 
ml.) for six hours under reflux. The methyl glycoside methyl ester of the aldo- 
biouronic acid (524 mgm.) in tetrahydrofuran (50 ml.) was reduced by drop- 
wise addition of a solution of lithium aluminum hydride (600 mgm.) in tetra- 
hydrofuran (25 ml.). The product (497 mgm.) was hydrolyzed by heating at 
100°C. for six hours with N sulphuric acid and chromatographic examination 
(solvents B and C) of the hydrolyzate showed the presence of xylose and 
4-O-methyl glucose. 

Methylation of the Disaccharide 

The 4-O-methyl-p-glucosyl-D-xylose (497 mgm.) in water (3 ml.) was 
methylated by dimethyl sulphate (1.5 ml.) and 30% sodium hydroxide (3.0 
ml.). Three additions of reagents were made before the mixture was brought 
to pH 8.9 by sulphuric acid and the product was recovered by continuous 
extraction with chloroform. Evaporation of the chloroform extract yielded a 
sirup (463 mgm.) which exhibited a small infrared absorption maximum at 
3480 cm.~! indicating the presence of free hydroxyl groups. 

Complete methylation of the sirup (448 mgm.) was obtained by the drop- 
wise addition over three hours of dimethyl sulphate (3 ml.) to a stirred solution 
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of the sirup in pure tetrahydrofuran (15 ml.) containing pulverized sodium 
hydroxide (2.6 gm.). The reaction was carried out for 16 hr. in a flask partially 
immersed in a water bath at 23-28°C., after which enough water was added 
to bring the solids into solution. The temperature of the water bath was 
raised to 60°C., the tetrahydrofuran was evaporated by a stream of nitrogen, 
and the temperature was maintained for an hour to ensure the complete 
decomposition of the dimethyl sulphate. The mixture was cooled, partially 
neutralized to pH 8.9 with sulphuric acid, and extracted with chloroform. 
Evaporation of the chloroform extract yielded a sirup which was freed from 
impurities by filtration of its methanol solution. Evaporation of the methanol 
and drying of the resultant sirup afforded a product (400 mgm.), [a]?* +114° 
(c, 1.4 in chloroform) whose infrared spectrum indicated only a slight trace of 
hydroxyl groups. Anal.: Calc. for Ci:H:1;03;(O0CH3)7: OMe, 52.92%. Found: 
OMe, 51.7%. 


Hydrolysis of the Methylated Disaccharide and Separation of the Products 

The methylated disaccharide (366 mgm.) was heated under reflux with 4% 
methanolic hydrogen chloride (25 ml.) for 15 hr., and after evaporation of the 
acid under reduced pressure, with boiling N hydrochloric acid (25 ml.) for 
six hours. The hydrolyzate was deionized by Amberlite resins IR-120 and 
IR-4B and the resulting solutions were evaporated to a sirup (221 mgm.). 
Paper chromatography of this sirup in solvents C and D indicated the presence 
of two components giving the same color reactions with the spray reagent 
and moving concurrently with 3,4-di-O-methyl-p-xylose and 2,3,4,6-tetra-O- 
methyl-p-glucose. The sugars were separated on large sheets of paper in solvent 
D (4.5 hr.). The individual sugars were recovered by removal and elution of 
the appropriate zones with water, treatment of the concentrated solutions with 
activated charcoal and with mixed resins (IR-120 and IR-4B) followed by 
evaporation to sirups. Filtration of the materials from ethyl acetate solutions 
and evaporation of the solvent yielded pure sirups of dimethylxylose (58.8 
mgm.) and tetramethylglucose (86.3 mgm.). The tetramethylglucose sirup 
crystallized spontaneously on standing. 


Identification of 3,4-Di-O-methyl-D-xylose 

The dimethylxylose was a colorless sirup, [a]?° +19° (c, 1.6 in water), 
producing brick-red spots of R, 0.38 on paper chromatograms developed with 
solvent D and sprayed with the aniline hydrogen oxalate reagent. The methyl- 
ated sugars, 2,4-di-O-methyl-p-xylose, 2,3-di-O-methyl-p-xylose, and 2,3,4-tri- 
O-methyl-pD-xylose, gave dark brown spots of R, values 0.27, 0.31, and 0.89 
respectively on similarly prepared chromatograms. 

The 3,4-di-O-methyl-p-xylose (37.8 mgm.) in water (1 ml.) was oxidized 
with bromine (0.025 ml.) for 42 hr. at room temperature. The product (24.9 
mgm.) crystallized after nucleation with 3,4-di-O-methyl-p-xylonolactone. 
Recrystallization from ether containing a small amount of n-hexane yielded 
colorless needles, [a]?> —48 (15 min.) + —20 (54 hr., constant) (c, 1.0 in 
water); m.p. and mixed m.p. 67-68°C. The dimethylxylose was therefore 
3,4,-di-O-methyl-D-xylopyranose. 
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Identification of 2,3,4,6-Tetra-O-methyl-D-glucose 

Recrystallization of the tetramethylglucose from ether — petroleum ether 
afforded light yellow needles, [a]?° +88.1 (15 min.) — +83.2 (4.5 hr., constant) 
(c, 1.4 in water) ; m.p. and mixed m.p. 83.0—95.5°C. 

The 2,3,4,6-tetra-O-methyl-p-glucopyranose (60 mgm.) was converted to 
the anilide (7). Recrystallization several times from n-hexane and from 
ethanol yielded colorless needles of 2,3,4,6-tetra-O-methyl-N-phenyl-p- 
glucosylamine, m.p. 116-117°C. ; [a]?5 +205 (c, 1.2 in acetone). 

Characterization of Uronic Fraction II 

A sample of fraction II was placed in a sealed tube with N sulphuric acid 
for 16 hr. at 110°C. Paper chromatography of the hydrolyzate in solvents A 
and B indicated the presence of D-xylose and D-glucurone. Treatment of the 
aldobiouronic acid with 2% methanolic hydrogen chloride produced the methyl 
glycoside methyl ester which was reduced with lithium aluminum hydride in 
tetrahydrofuran to the methyl glycoside of the corresponding disaccharide. 
Acid hydrolysis of this disaccharide liberated D-xylose and D-glucose as shown 
by examination of paper chromatograms developed in solvent B. 

Complete methylation of the glucosyl-xylose methyl glycoside was accom- 
plished by the same method as described for fraction IV and yielded a sirup 
(108 mgm.), [a]?° +110 (c, 1.1 in chloroform) whose infrared spectrum 
indicated the total absence of hydroxyl groups. Anal.: Calc. for Ci,;H13;03- 
(OCH3)7: OCHs3, 52.92%. Found: OCHs, 52.5%. 

A solution of the hepta-O-methyl-glucosyl-xylose in 4% methanolic hydrogen 
chloride was heated in a sealed tube for 15 hr. at 80°C. Subsequent hydrolysis 
with aqueous N hydrochloric acid followed by chromatographic examination in 
solvents B, C, and D revealed the presence of two methylated reducing sugars 
moving adjacently to and producing the same color reactions with the spray 
reagent as did 3,4-di-O-methyl-D-xylose and 2,3,4,6-tetra-O-methyl-p-glucose. 

Since these components were the same as those previously identified from 
fraction IV no further characterization was done. 
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FREE RADICALS BY MASS SPECTROMETRY 


X. THE IONIZATION POTENTIALS OF METHYL 
SUBSTITUTED ALLYL RADICALS! 


By C. A. McDoweELt,? F. P. Lossine, I. H. S. HENDERSON,? 
AND J. B. FARMER‘ 


ABSTRACT 


The vertical ionization potentials of the 8- and y-methyl substituted allyl 
radicals as measured by electron impact are 8.03+0.05 v. and 7.71+0.05 v., 
respectively. From appearance potential data the following bond dissociation 
energies can be derived, assuming the dissociation processes to be free from 


complications: 
D(CH:.: C(CH;)CH2—I) = 31.642 kcal./mole 
D(CH;CH: CHCH.—I) = 33.2+2 kcal./mole. 


With assumptions about the structure of the ions produced by electron impact 
from the corresponding butenes the dissociation energies of the C,H;—H bonds 
in these latter compounds can be estimated, and the heats of formation of the 
corresponding radicals derived, namely: 


AH,°(CH2: C(CH;)CH2) = 2143 kcal./mole 
AH,°(CH;CH: CHCH:) = 26+3 kcal./mole. 


—_ data on the allyl halides we evaluate the heat of formation of the allyl 
radical to be: 


AH,°(CH2: CHCH2) = 3246 kcal./mole. 
INTRODUCTION 
Of the eight structures possible for C,H; radicals three can be regarded as 
methyl substituted allyl radicals and consequently should have a delocalization 
energy of about the same order as that attributed to the allyl radical itself. 
These three radicals are: 
CH;CHCH:CH: (a) 
CH;CH:CHCH: (7) 
CH:: C(CHs)CH: (8) 


As derivatives of the allyl radical by methyl substitution these can be called 
the a-, y-, and 6-methallyl radicals respectively. The first two structures are 
interconvertible by electron migration without a proton shift, and according 
to this view these radicals may be regarded as resonance hybrids with an 
intermediate structure rather than as separate entities. 

It was thought to be of interest to attempt the preparation of the three 
methallyl radicals by pyrolysis of the corresponding iodides to see if the ion- 
ization potentials of the radicals produced from the a- and y-methallyl iodides 
were in fact identical. It would also be of interest to determine the effect on 
the ionization potential of the allyl radical of substitution of methyl in these 
positions. 
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The 6-methallyl radical has been suggested as an intermediate in the pyro- 
lysis of isobutene (17, 16) and as a product of the primary dissociation in the 
same pyrolysis (23). From kinetic considerations it was concluded that the 
thermal dissociation of the radical led to the formation of allene and a methyl 
radical 

CH:: C(CH;)CH2 — CHe: C: CH: + CHs. [1] 

The y-methallyl or crotyl radical does not seem to have been studied very 
much. The pyrolysis of 2-butene, in which its formation seems likely, has not 
been investigated as thoroughly as that of 1-butene. The pyrolysis of the 
latter compound has been shown to yield a methyl and an allyl radical (19, 9) 
instead of forming the a-methallyl radical by loss of a hydrogen atom. The 
equivalent process for 2-butene, namely 


CH;CH: CHCH; — CH;CH: CH + CH;, [2] 


would seem to be improbable since, without isomerization, the structure of 
this radical does not allow a delocalization energy of the order available to 
the allyl radical. The activation energy for the decomposition of 2-butene, 
based on preliminary work, was found by Molera and Stubbs (14) to be 
57.4 kcal./mole as compared to 66.4 kcal./mole for 1-butene. This difference 
does not seem to be a measure of the dissociation energies of the bonds broken 
in the two primary processes, for the primary split for 2-butene is, probably, 


CH;CH: CHCH; — CH;CH: CHCH; + H [3] 


and, of course, the dissociation energy for the R—H bond in equation [3] is 
almost certainly greater than that of the allyl—CH; bond in 1-butene. 


PREPARATION OF METHALLYL IODIDES 


(a) B-Methallyl Iodide (CH2: C(CH;3)CH2!) 

Commercial methallyl chloride was purified by distillation in a 100 cm. 
column packed with glass helices. In a second distillation a fraction having a 
boiling point of 71.9° C. at 756 mm. was collected. This fraction was refluxed 
for one hour with an excess of a saturated solution of sodium iodide in acetone. 
After the addition of water, the methallyl iodide was separated and washed 
with successive portions of water. It was then dried and distilled twice at 
reduced pressure, the middle fraction being retained. The mass spectrum 
showed that a trace of the dimer of the 6-methallyl radical, 2,5-dimethyl 
1,5-hexadiene, was present, but no other impurities were detected. 


(b) y-Methallyl Iodide (CH;CH: CHCH2I) 

This was prepared (24) by passing butadiene through 57% aqueous HI at 
20° C. The product was separated and purified by several bulb-to-bulb distil- 
lations. The infrared spectrum showed that this sample was the y-isomer. The 
refractive index at 23° C. was 1.5500. 


(c) a-Methallyl Iodide (CH;CHICH: CHz2) 

All attempts to produce this isomer resulted instead in the production of 
the y-isomer. a-Methallyl bromide was prepared by the addition of butadiene 
to anhydrous HBr under antioxidant conditions (8). After being freed from 
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HBr and butadiene by bulb-to-bulb distillation, the product had a refractive 
index at 23°C. of 1.4617, in good agreement with 73 = 1.4608 given by 
Kharasch et al. The infrared spectrum showed that this product was the 
a-isomer, essentially free from y-methallyl isomer even after several days’ 
storage at 0° C. However when the bromide was treated with Nal in acetone 
the resulting methallyl iodide after low-pressure distillation was found by 
infrared analysis to have almost completely rearranged to the y-isomer. 

It was thought that the isomerization might have occurred during the low- 
pressure distillation. An attempt was therefore made to prepare the a-methally] 
iodide directly from butadiene and anhydrous HI in a manner analogous to 
the preparation of the bromide. Anhydrous HI was prepared (1) by the re- 
action of iodine vapor and hydrogen on platinized asbestos. This was condensed 
into a trap containing butadiene and a little diphenylamine cooled in liquid 
nitrogen. The liquid nitrogen was then replaced by a dry-ice acetone mixture. 
As soon as the contents of the trap liquified, reaction occurred, as indicated 
by a sharp but temporary increase in pressure. The resulting methallyl iodide 
was freed from butadiene and HI by bulb-to-bulb distillation. The infrared 
spectrum showed, however, that this product was essentially pure y-methallyl 
iodide. In view of the ease of isomerization of a-methallyl bromide (8) it is 
probable that the isomerization 


CH;CHICH: CH: — CH;CH: CHCHal [4] 


is very rapid even at low temperatures. 


PRODUCTION OF THE RADICALS 


The methallyl radicals were produced by pyrolysis of the corresponding 
iodides in a low pressure reactor attached to the ion source of a mass spec- 
trometer, the reactor being the same as that used earlier to produce the ethyl, 
isopropyl, and propargyl radicals (4). The modified mass spectrometer and its 
operation have been described (12, 11). 


(a) B-Methallyl Radicals 


At a reactor temperature of 825° C., the 8-methallyl iodide was almost 
completely decomposed as indicated by the parent peak at mass 182. Using 
electrons of low energy, observations of the mass 55 peak showed methallyl 
radicals to be present in abundance. With electrons of 50 v. energy the dimer- 
ization product 2,5-dimethyl 1,5-hexadiene was also found to be present. 
From a pure sample, the ratio of peaks 55/95 in the mass spectrum of the latter 
was measured. Using this ratio and the ratio of peaks 55/182 in the spectrum 
of 8-methallyl iodide, the net peak height at mass 55 attributable to methallyl 
radicals could be measured. A net peak of 8 X 10-!* amperes for the radical 
could be obtained without difficulty. With higher temperatures up to 1050° C., 
the amount of 8-methallyl radicals decreased, the decomposition products 
being methyl radicals and allene as found by Szwarc (23). 


(b) y-Methallyl Radicals 


The behavior of y-methallyl iodide was essentially the same as that of the 
8-isomer, the iodide being almost completely decomposed at 825° C. Methallyl 
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radicals and a dimer, presumably 2,6-octadiene, were produced. The ratio 
55/95 in the spectrum of 2,6-octadiene was obtained from a sample prepared 
by heating y-methallyl iodide in contact with zinc dust, followed by vacuum 
distillation. With reactor temperatures up to 1050° C. the amount of methallyl 
radicals decreased, the products in this case being butadiene and hydrogen: 


CH;CH: CHCH:; — CH:: CHCH: CH; + H. (5) 


It was not established whether the butadiene was the 1,2- or the 1,3-isomer. 
A net peak of 4 X 10-!? amperes for the radical could be easily produced. 


MEASUREMENT OF THE IONIZATION POTENTIALS 


Using 50 v. electrons, the net peak heights at mass 55 for the radicals were 
obtained by subtracting the contributions from the dimers and from the un- 
decomposed fraction of methallyl iodides as described above. The method of 
measurement of the ionization potentials of the radicals was the same as that 
described previously (9). Ionization efficiency curves for the radical ion and 
for the krypton 84 ion were measured alternately. The voltage difference (6V) 
between these curves was plotted against the peak height (/) and the resulting 
curve was extrapolated to J = 0 (25, 13). For comparison the voltage dif- 
ference of the 6-methallyl radical ion was also determined by the ‘“‘vanishing- 
current’’ method (20, 21). The appearance potentials for the 8- and y-methallyl 
ions from the iodides were also measured. 


RESULTS AND DISCUSSION 


(a) Ionization Potentials 
In Table I are given the values found for the vertical ionization potentials 
of the methallyl radicals by the method of extrapolated voltage differences, 


TABLE I 
IONIZATION POTENTIAL OF B- and y-METHALLYL 








Ionization potential (volts) 








Radical 
Individual values Average 

CH2: C(CHs)CH2 (8) 8.03 

8.03 

8.02 8.03 +0.05 
“Vanishing-current’’ method 8.01 
CH:CH: CHCH: (7) 7.72 

7.73 

7.68 7.71+0.05 





each being the average of three determinations. The limits of error were esti- 
mated from the uncertainty in the extrapolation of the 6V vs. J curves, the 
ones for the 6-methallyl radical being shown in Fig. 2. Fig. 1 shows the ion- 
ization efficiency curves for krypton 84 and the 8-methallyl radical, from which 
the ‘“‘vanishing-current’”’ method yields a value of J(6-methallyl) = 8.01 v., 
in good agreement with the values determined by the other method. 
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The conclusion that the difference in the ionization potentials of the B- and 
y-methallyl radicals does not result from an error in the calibration of the 
voltage scale received confirmatory evidence from a preliminary experiment 
in which a sample of methallyl iodide prepared from commercial 6-methallyl 
chloride was pyrolyzed. The ionization efficiency curve for mass 55 had a 
sigmoid shape at low electron energy, indicating the presence of two radical 
species of the same mass but with different ionization potentials. Using methal- 
lyl iodide prepared from a redistilled sample of the commercial $-methallyl 
chloride, the sigmoid shape was completely absent. 

It is interesting to compare these ionization potentials with the 8.16+0.03 v. 
obtained for the allyl radical (9). The substitution of a methyl group for the 
8-hydrogen in allyl causes a decrease of only 0.13+0.08 v., while the substi- 
tution of a y-hydrogen causes a decrease of 0.45+0.08 v. Although there is 
some disagreement about the ionization potentials of the corresponding hydro- 
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carbons isobutene and 2-butene, the values of Honig (7) appear to be the most 
consistent: J(isobutene) = 9.35 v. and J(2-butene) = 9.29 v. (average). This 
is a much smaller difference than is found for the radicals. The latter difference 
is evidently associated with the degree of delocalization energy permitted to 
the free electron in the two radical configurations. On simple grounds one 
might expect J(8) to be less than J(y) rather than the reverse, since the forms 
CH.=C— CH: + CH: — ‘on 

| 

CHs CH; 
are identical, while those for the y-radical 


CH;—CH=CH—CH; =< CH;—CH—CH=CH; 


are not. This naive approach is, however, quite inadequate. It is obvious that 
hyperconjugational effects will be more important in the y-methaliyl radical 
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than with the 8-isomer. This means that the delocalization energy of the 
y-radical would certainly be slightly greater than that of the 8-isomer; and 
since it is apparent that there is a definite correlation between the delocal- 
ization energy of a molecular species and its ionization potential (15, 2) it is, 
therefore, to be expected that J(y-methallyl) < J(6-methallyl). This is in 
agreement with our experimental results. 


(b) Appearance Potentials 
The appearance potentials of the 8- and y-methallyl ions from the corre- 
sponding iodides are given in Table II. From the relation 
D(R—X) < A(R*) — I(R) (6) 


TABLE II 


APPEARANCE POTENTIALS AND BOND DISSOCIATION ENERGIES 
IN METHALLYL IODIDES 








Appearance potential (volts) 








Individual D(C4H7—1) 
Compound values Average (kcal. /mole) 
B-Methallyl iodide 9.40 
9.41 
9.40 9.40+0.05 - 31.642 
y-Methallyl iodide 9.15 
: 9.15 
9.14 9.15+0.05 33.242 





the bond dissociation energies given in Table II were derived. The values of 
D(C,H;—I) are almost the same for the two radicals within the experimental 
accuracy, the y-methallyl—-iodine bond being possibly a little stronger. As 
would be expected, the bond dissociation energies are only a little lower than 
the 34-36 kcal. found previously for the allyl-iodine bond (10). 

The appearance potentials of the C,H; ion from isobutene and from cis and 
trans 2-butene have been reported as follows: 


A(C4H;*) from isobutene 11.32+0.1 v. ¥ (22) 
A(C,4H;7*) from trans 2-butene 11.24+0.1 v. (3) 
A(C,4H;*) from cis 2-butene 11.11+0.1 v. (3) 


If it is assumed that the C,H;* ion from isobutene is the 6-methallyl ion, a 
value of D(6-methallyl—H) = 76+3 kcal./mole is obtained. This is in excel- 
lent agreement with the value of 76 kcal./mole suggested by Szwarc (23) on 
the basis of his work on the 1-butene pyrolysis. Similarly, using the average of 
the appearance potentials for cis and trans 2-butene, and assuming that the 
C,H;* ion produced has the y-methallyl configuration, D(y-methallyl—H) 
= 80+3 kcal./mole. For comparison with these values, from the pyrolysis of 
1-butene D(aliyl—H) has been found to be 76.5 kcal./mole and the heat of 
formation of allyl to be 30 kcal./mole (19). Support for these values can be 
obtained from recent electron impact data (10) from which 

D(allyl—Cl) = 60.4+3 kcal./mole 


D(allyl—Br) = 47.7+3 kcal./mole 
D(allyl—I) = 35.2+3 kcal./mole (average). 
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Using the heats of formation for the allyl halides given by Gellner and Skin- 
ner (6) 

AH;°(allyl chloride) = 0.6+3 kcal./mole 

AH,;°(allyl bromide) = 12.143 kcal./mole 

AH;°(allyl iodide) = 22.0+3 kcal./mole 


these data lead to the following values of AH (allyl) 


32.0+6 kcal./mole 
33.1+6 kcal./mole 
31.7+5 kcal./mole 


with an average of 32.346 kcal./mole. In view of the good agreement of these 
results, this limit of error appears to be extreme. From this average value and 
the heat of formation of propylene (4.88 kcal./mole (18)) the bond dissociation 
energy D(allyli—H) = 79+6 kcal./mole, in good agreement with the pyrolysis 
value. 

By combining these data with the heats of formation of isobutene (—3.3 
kcal./mole) and 2-butene (average of cis and trans —1.9 kcal./mole (18)), the 
heats of formation of the radicals are given as: 


AH;°(CH2:C(CHs)CH2) = 21+3 kcal. 
AH;°(CH;CH:CHCH:) = 26+3 kcal. 


A further calculation of interest involves the relation 
Irn — IR = D(R—H) — D(R*—H). [7] 


As discussed in an earlier publication (5) the variation of the quantity Jpy—TJp 
with substitution gives a measure of the relative stabilization of the R—H 
bond in the neutral molecule and the ion. It was found that for benzyl radicals 
Tau—TIp = 1.47 v., for xylyl radicals ~ 1.4 v., and for allyl radicals = 1.68 v. 
From the values of Jgy given above, Jpqg—Jp for B-methallyl = 1.32 and for 
y-methallyl = 1.58 v. From equation [7], and assuming that the derived 
values of D(R—H) in Table III are correct, D(8-methallylt+—H) = 46 kcal./ 
mole and D(y-methallylt—H) = 44 kcal./mole. 


TABLE III 


APPEARANCE POTENTIALS AND BOND DISSOCIATION ENERGIES IN 
ISOBUTENE AND 2-BUTENE MOLECULES AND IONS 











Appearance 
potential of D(C,H;—H)* D(C,H7;*—H)* 
Compound C,H;* (volts) (kcal. /mole) (kcal. /mole) 
Isobutene 11.32+0.1 (22) 76+3 46 
2-Butene cis 11.11 
trans 11.24 
av. 11.18+0.1 (3) 80+3 44 





*Assuming the CsH7* ion formed to have the B-methallyl structure from 
isobutene and the y-structure from 2-butene. 
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TABLE IV 
HEATS OF FORMATION OF RADICALS AND IONS 








° 





Radical or ion (kcal. /mole) 
CH:: C(CH;)CH:2 2143 
CH;CH: CHCH: 2643 
CH:: CHCH: 32+6 
CH:: C(CH;)CH:* 206 +3 
CH;CH: CHCH,+ 20443 
CH:: CHCH,+ 220+6 
CH:: C(CH;)CH;* 212 
CH;CH: CHCH;+ 212 
CH:: CHCH;* 232 





In Table IV are listed the heats of formation of the radicals, the radical 


ions, and the olefin ions, assuming that the electron impact data given above 
correspond to the assigned dissociation processes. 
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ORGANIC DEUTERIUM COMPOUNDS 
XV. SYNTHESIS OF SOME DEUTERATED ALKANES! 


By MaAry ELAINE LEBLANC, A. T. MorRsE, AND L. C. LEITCH 


ABSTRACT 


An improved method of preparing deuterated alkanes from the halides has 
been developed. Dehalogenation of ethyl iodide, 1,1-dibromoethane, and 1,1,1- 
trichloroethane with zinc dust in deuterium oxide — dioxane solutions, or even 
with deuterium oxide alone, gave excellent yields of ethane-d;, ethane-1,1-d2, 
and ethane-1,1,l-d;. Methane-d,, -d2, -d;, and -ds were prepared similarly 
from methyl iodide, dibromomethane, chloroform, and carbon tetrachloride 
respectively. The isotopic purity of the products was over 90 mol. %. The 
reaction is also applicable to higher alkyl halides. 


The dehalogenation of alkyl halides has been used only to a limited extent 
for the preparation of deuterated alkanes. MacWood and Urey (6) synthe- 
sized mono-, di-, and tri-deuteromethane from the appropriate halides, 
deuterium oxide, and aluminum amalgam. The same compounds were later 
prepared by Benedict, Morikawa, and Taylor (1) by the action of zinc and 
ethanol-d on the polyhalides. Perhaps owing to the presence of ordinary 
ethanol in the ethanol-d none of the products they obtained was isotopically 
pure. According to Dibeler and Mohler (3) the dehalogenation of bromo- 
form and methylene bromide with lithium aluminum deuteride leads to 
deuterated methanes which contain up to 40% of the less deuterated species. 
The action of deuterium oxide on a Grignard reagent has been used to prepare 
methane-d, (2). 

Each of these methods has its own peculiar disadvantages. The aluminum- 
mercury couple used by MacWood and Urey (6) is probably difficult to pre- 
pare free of protium without impairing its activity. A serious disadvantage of 
employing a deuterated solvent such as ethanol-d is that it has to be recovered. 
Besides giving impure products, the method of Dibeler and Mohler (3) 
requires lithium aluminum deuteride which is still rather expensive. Finally, 
the decomposition of Grignard reagents is strictly limited to the preparation 
of monodeuterated hydrocarbons. 

The action of zinc dust and acetic acid-d on halides was used by Schissler, 
Thompson, and Turkevich (9) in preference to these other methods to prepare 
a series of deuterated methanes, ethanes, and propanes. In our experience this 
method is also unsatisfactory, at least for the preparation of molar amounts 
of ethane-1,1,1-d; from 1,1,1-trichloroethane. Mass spectrometric analysis of 
successive samples of ethane showed a decrease rather than an increase in 
deuterium content. This discrepancy between our results and theirs seemed to 
warrant further study of this reaction. 

In our experiments the reaction mixture always darkened as though a 
by-product were being formed. When a suspension of zinc dust in acetic 

1Manuscript received December 8, 1955. 
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anhydride — trichloroethane was stirred for a few minutes before adding any 
heavy water the temperature of the reaction mixture rose steadily and finally 
reached the boiling point. Hydrogen and ethane were evolved and darkening 
took place. Similar results were obtained when trichloroethane was added toa 
stirred suspension of acetic anhydride and zinc dust. Evidently a side reaction 
was taking place which gave rise to an acidic by-product, most likely hydrogen 
chloride. Elimination of hydrogen chloride as the reaction progressed would 
account for the observed depletion of the ethane in deuterium. It seemed 
futile to expect ethane-d; of high deuterium content to be formed under these 
conditions until some means was found of preventing the side reaction. Our 
next experiments were therefore directed to that end. 

We found that the side reaction could be suppressed by adding trichloro- 
ethane to acetic acid-d in acetic anhydride or dioxane. The acetic acid-d was 
prepared by hydrolyzing the anhydride im situ with an equivalent amount of 
deuterium oxide and a trace of phosphoric anhydride. The yield of ethane-d; 
was 78% but its deuterium content was still far from satisfactory. It started 
at 21 mol. % CH;CD; and rose slowly with successive samples to 70 mol.%. 
A slight improvement was observed using anhydrous dioxane as a solvent 
and less acetic acid-d, the purity rising from 51 to 81.8 mol.%. 

It has been recently demonstrated (8) that very pure acetic acid-d cannot 
be prepared by hydrolysis of acetic anhydride—even after the latter has been 
heated under reflux for several days over magnesium turnings. On the other 
hand acetyl chloride previously distilled over dimethylaniline gives on hydroly- 
sis acetic acid-d over 98% pure as judged by the preparation of 95+mol.% 
toluene-a-d; from benzotrichloride (8). However, even acetic acid-d prepared 
in this manner did not give ethane-d; as isotopically pure as the toluene-a-d3. 
At this point further work with acetic acid-d seemed unjustified and we 
decided to re-examine the other methods of preparing deuterated hydro- 
carbons. 

Dehalogenation with zinc and methanol-d (or ethanol-d) offered no advan- 
tage over the use of acetic acid-d for reasons mentioned earlier. Nevertheless, 
the work of Benedict, Morikawa, and Taylor (1) with this reagent indicated 
that iodides react with zinc dust in alcohols as well as in acids. Furthermore, 
MacWood and Urey (6) had shown that bromides and iodides react with 
water in the presence of aluminum amalgam. It seemed possible that zinc 
dust might react with halides in deuterium oxide — dioxane solutions and 
perhaps even with heavy water alone. Experiments first with ethyl iodide, 
then with ethylidene bromide, and finally with 1,1,1-trichloroethane fully 
substantiated this inference. Deuterated ethanes of higher purity than had 
been obtained by other methods were synthesized in good yields by this 
simplified approach. 

This procedure was extended to the preparation in excellent yields of the 
four deuteromethanes analyzing 96 atom % D from carbon tetrachloride, 
chloroform, methylene bromide, and methyl iodide. The preparation of homolo- 
gous deuterated hydrocarbons by this method appears limited only by the 
availability of the halides. 
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In the preparation of ethane-1,1,1-d; from trichloroethane, zinc, and heavy 
water, there always remained a small residue after the excess halide was 
distilled off. A sublimate of white crystals, m.p. 173-4°C., was obtained on 
distilling the residue under vacuum in a Spath bulb. The melting point of the 
product was not depressed on admixture of 2,2,3,3-tetrachlorobutane prepared 
by the chlorination of 2-butyne (7). A high boiling liquid was likewise obtained 
from the residue from the preparation of ethane-1,1-d.. Analogy would indicate 
that this is 2,3-dibromobutane; the quantity isolated was too small to permit 
adequate characterization. These products are probably formed by doubling. 
Henne (4, 5) has reported a similar reaction when fluoroiodoethanes are 
heated with zinc dust in acetic anhydride. This is, however, believed to be 
the first time such doubling has been reported for chloroethanes. 


EXPERIMENTAL 
Ethane-1,1,1-d3 
(a) From 1,1,1-Trichloroethane, Zinc, and Acetic Acid-d 


1. The procedure of Schissler, Thompson, and Turkevich (9) was followed 
but on a larger scale. Acetic anhydride and 1,1,1-trichloroethane were purified 
by distillation. The anhydride (30 ml.), zinc dust (15.0 gm.), and 1,1,1- 
trichloroethane (20 ml.) were placed in a 100 ml. round-bottomed flask under 
a cold finger reflux condenser which was attached to a vacuum line by a side 
arm. After the apparatus was evacuated deuterium oxide was added in 0.2-ml. 
portions to the reactants while stirring with a magnetic bar. Samples of deu- 
terated ethane were collected after each addition of heavy water and analyzed 
by mass spectrometry. The deuterium content of successive samples fell 
rather than rose. At the same time the reaction mixture darkened considerably. 
On addition of water at the completion of the experiment a brown gummy 
polymer was precipitated. Several additional runs were made with the same 
results. 

2. In this experiment acetic anhydride, zinc dust, and 1,1,1-trichloroethane 
in the same amounts as in (1) were stirred under a reflux condenser in a flask 
immersed in water overnight. By morning the mixture had turned dark brown. 
The suspended solid dissolved on adding 75 ml. of water and a brown gum 
was precipitated. It was not volatile and appeared to be a polymer. Apparently 
the reagents react before any water is added. 

3. A suspension of zinc dust (20 gm.) in acetic anhydride (80 ml.) was 
stirred for three hours. No gas was evolved during this time. Trichloroethane 
(8.0 ml.) was then added and the contents stirred while the flask was kept 
immersed in cold water. A gas was now continuously evolved which condensed 
in a trap cooled in liquid nitrogen. It was identified by its boiling point as 
ethane. Yield: 0.4 ml. at —100°C. Addition of more trichloroethane gave 
0.8 ml. of ethane. No further evolution of ethane took place on adding water. 

4. In this experiment the acetic anhydride (100 ml.) was replaced in part 
by acetic acid-d (20 gm.) which had been prepared by hydrolyzing the anhy- 
dride in the presence of a trace of phosphoric anhydride as catalyst. Trichloro- 
ethane was then added to the stirred reaction mixture in four portions. The 
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yields of ethane-d; from 2.0, 3.0, 2.0, and 2.0 ml. of halide were 0.6, 1.1, 0.6, 
and 0.6 ml. respectively measured at the boiling point. The deuterium content 
of each sample analyzed by mass spectrometry was 21.5, 31.3, and 53 mol.% 
CH;CD;; the sample of fraction three contained air. 

The deuterium content of the ethane now rose rapidly with each fraction col- 
lected but in terms of mol.% it was still unexpectedly low. 

5. When the acetic anhydride was replaced by anhydrous dioxane (150 ml.) 
some improvement was noted in the isotopic purity. It started at 51.0 and 
rose steadily to 83.8 mol.% CH;CD; with successive samples. 

6. An experiment was carried out using acetic acid-d which had been pre- 
pared by hydrolysis of acetyl chloride (8). There was little improvement in the 
deuterium content over the preceding experiment. 


(b) From 1,1,1-Trichloroethane, Zinc, and Deuterium Oxide 


A suspension of 15.0 gm. of zinc dust in 25 ml. of 1,1,1-trichloroethane was 
stirred in a 100 ml. round-bottomed flask attached through a cold finger 
condenser to the vacuum line while 4.0 ml. of deuterium oxide (99.6%) was 
added dropwise over a period of about four hours. The ethane evolved was 
collected on the vacuum line in a U-tube cooled in liquid nitrogen. The zinc 
became spongy and after an hour or so it became very difficult to stir the 
mixture with a magnetic bar. The ethane was purified by two distillations 
from a trap cooled in liquid nitrogen and slowly warmed to —78°. Yield: 
1.6 ml. at — 100°C. The mass analysis of this product was 93.5 mol.% CH;CDs. 
Ethane-1,1-d: 

1,1-Dibromoethane (15.0 ml.) was freed of traces of dissolved hydrogen 
bromide by distillation through a tube of Ascarite—Drierite on the vacuum 
line. It was then distilled into a small flask containing 5.0 gm. of zinc dust. 
Deuterium oxide (3.0 ml.) was then added dropwise from a funnel over a 
period of three hours to the zinc and halide mixture while stirring. The ethane- 


1,1-d: evolved was collected as described above for trideuteroethane. Yield: 
1.0 ml. at — 100°C. Mass analysis: 98.7 mol.% CH;CHDsz. 


Ethane-d, 

A suspension of zinc dust (15.0 gm.) in 40 ml. of ethyl iodide was stirred 
overnight attached to a vacuum line in a flask with a cold finger condenser. 
By the following morning the zinc had been completely converted into a white 
solid—zinc ethyl iodide. On adding deuterium oxide dropwise copious amounts 
of ethane-d,; were evolved. It was collected and purified as described for 
trideuteroethane. Yield: 5.4 ml. at —100°C. Mass analysis: 97.0 mol.% 
C.H;D. 


Methane-d, 


Deuterium oxide (8.0 gm.) was added dropwise over two hours to a boiling 
suspension of zinc dust (35 gm.) in carbon tetrachloride (60 ml.). The gases 
evolved were collected over water or mercury and then condensed in a U-tube 
cooled in liquid nitrogen on the vacuum manifold. After a small amount of air 
was pumped off the methane-d, was melted and the volume measured. Yield: 
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2.0 ml. Mass analysis showed a deuterium content of 97.5 mol.% CD, and 2.5 
mol.% CD3;H or 99.36 atom % D. Yield: 90% of the theoretical. 
Methane-d; 

Chloroform (60 ml.) was freed of traces of ethanol or water by distillation 
through a U-tube containing phosphorus pentoxide on the vacuum line. 
A suspension of zinc dust (25 gm.) in the purified chloroform was heated under 
reflux for one hour on the vacuum line. After traces of ordinary methane in the 
line were swept out with dry nitrogen, deuterium oxide (6.0 ml.) was added 
dropwise over a period of two hours. The methane-d; evolved was collected 
and purified as described in the previous example. Mass analysis showed 
93.2 mol.% CD3H, 4.76 mol.% CH2Dsz, and 1.48 mol.% CH;D or 96.87 atom 
% D. The yield was nearly theoretical. 


Methane-d, 


Deuterium oxide (5.0 ml.) was added slowly to a stirred suspension of zinc 
dust (18 gm.) in 50 ml. of methylene bromide. The reaction mixture soon 
became warm and eventually refluxed. The yield of methane-d, which was 
isolated as described in the previous examples was nearly theoretical. The 
deuterated methane analyzed 93.1 mol.% CH2Dz, 5.9 -mol.% CH3D, and 1.1 
mol.% CH, or 96.0 atom % D. 


Methane-d, 


Deuterium oxide (3.0 ml.) was slowly added to a stirred suspension of zinc 
dust (10 gm.) in methyl iodide (30 ml.). The yield of methane-d; analyzing 
98 mol.% CH;D was nearly theoretical. 
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DETERMINATION OF PARAMETERS IN OVERPOTENTIAL 
STUDIES! 


By H. B. Morey? Anp F. E. W. WETMORE 


ABSTRACT 


A simple method is reported for analyzing decay curves in overpotential 
studies. As well, equations have been derived for build-up and decay curves and 
for the overpotential—current relationship, based on an assumption which intro- 
duces less error than the simplifying assumptions used previously. 


In studies of the behavior of cathodes exhibiting overpotential it has been 
usual to investigate the variation of the steady state overpotential, 7, with 
applied current density, 7, and to report the results in terms of Tafel’s equation 


[1] n=a+0.Ini = b.1n(t/io). 


Much less attention has been paid to potential-coulomb build-up curves and 
to potential-time decay curves. In a recent study of the cathodic behavior 
of silver in aqueous sulphuric acid solution all three types of determinations 
were made. A comparison of the results has brought out some points of 
general interest in the field of overpotential studies. 

Examination of the experimental results consistently showed the following 
behavior. Tafel’s equation was found to hold over the entire range of current 
densities studied (5 to 500 wa. cm.~). Potential-coulomb curves were found to 
be linear over the first and greater part of the build-up, provided that the 
solution had been sufficiently purified by pre-electrolysis (2)..In the examination 
of decay curves it was noted that those taken after build-up to the steady 
state at low current densities could be identically superimposed on those taken 
after build-up at high current density, simply by adding to the actual time ¢ a 
quantity 6’, as shown in Fig. 1. The upper curve shows the decay of the 
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Fic. 1. Decay of cathode potential with time. E is defined as the potential of the reversible 


hydrogen electrode less the cathode potential (E is positive when the cathode is polarized) ; 
tis in seconds. Further details are given in the text. 
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potential of a 111 crystal face after build-up at 118 wa. cm.—?. The lower curve 
corresponds to 4.7 wa. cm.~* and the triangles represent points from the lower 
curve with 6’ = 2.3 sec. added to the actual time ¢. 

The quantity 6’ was found to depend, of course, on the initial potentials 
of both curves involved in the superimposition. Since a decay curve from a 
large initial potential could be superimposed on one from a still larger initial 
potential, it was obvious that a value of 6’ depending solely on the initial 
potential of the particular decay curve could be achieved only by super- 
imposition on a curve falling from an infinite initial potential. Such a quantity 
will be designated by @, to distinguish it from the directly determinable 6’. 

Furthermore, in agreement with the observations of Armstrong and Butler 
(1), the decaying potential was found to be linear in log ¢, except for small 
values of ¢ and E. This, along with the superimposition, suggested that the 
potential E might be linear in log(¢ + 4), i.e. 


[2] dE/dt = —k/(t + 6). 


The initial slope of the decay curve would then be —k/6, from which the 
value of 6 can be derived as follows. The initial rate of build-up can be expressed 
by the equation 


in which g is the charge passed and C a constant having the dimensions of 
capacitance. At any time ¢ after the current is applied, 
[4] dE/dt = 1/C — k/6*, 


in which 6* is the value of 6 appropriate to the instantaneous value of E 
considered as an initial potential in a decay. In the steady state of over- 
potential 


[5] 0 = dE/dt = i/C — k/@, 


in which @ is appropriate to the overpotential, or to the particular current used 
to produce it. Therefore 


[6] 6 = kC/i 


and @ has the value zero only for the imaginary case of infinite initial potential 
resulting from an infinite current; it is similar to the constant of integration ?¢’ 
mentioned by Grahame (4). 

In effecting the superimposition of one decay curve on another the shift of 
the time scale, 6’, is now seen to be actually (@2 — 61), corresponding to the two 
current densities 72 and 7; used for the build-ups. Hence 


[7] RC = (02 — 01)/(1/t2 — 1/11) 


and the value of the product RC can be determined from the experimental 
quantities, 6’, 72, and 7;. Then @ for any value of build-up current can be 
calculated through equation [6]. Experiment demonstrated the validity of this 
interpretation. 
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With @ known it is of consequence to integrate equation [2] under the 
condition that E = n at t = Otoyield 


[8] E = -—k.I|n(1 + t/6). 


Thus a decay curve can be plotted as E against log(¢ + 6) to give a straight 
line of slope —2.303k, as shown in Fig. 2 for three current densities. The 
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Fic. 2. Decay of cathode potential with time. The open circles refer to a polarizing current 
of 118, the blackened circles 23.5, the triangles 4.7 wa. cm.~?; and @ are in seconds. 





identity of overlapping parts of the three lines shows clearly the accuracy of 
the superimposition. It should be noted that the value of k so found is much 
more precise than the value of @ used in the evaluation. As reported earlier 
(1), the value of k was found to be the same as that of } in the Tafel expression. 
Use of log(¢ + 0), rather than log #, as the abscissa has the distinct advantage 
that the curve remains linear even to ¢ = 0. 

A value of C, of the same precision as 8, can be obtained as 6i/k; as well it 
can be evaluated from the slope of the linear initial portion of the build-up 
curve. From equations [1], [4], and [6] 

[9] dE/dq = (1/C){1 — exp{(E — n)/d}], 

which shows that the linearity of the build-up curve is lost as E approaches 
n. Values of C determined from build-up curves were not the same as those 
from decay curves; it is conceivable that the latter would be less susceptible 
than the former to the effects of reduction of constituents other than hydrogen 
ion. 

Use of the analytical quantity 6 arose from examination of experimental 
results, without appeal to mechanism. It is of interest to see how @ fits in with 
expressions developed from mechanisms involving potential barriers and ex- 
change currents (3). In the mechanistic development the rate of build-up is 
given by 


[10] dE/dt = 1/C — (%/C)lexp(E/b) — exp(—E/b’)], 
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in which 7 is interpreted as the exchange current density at zero overpotential 
and the terms 0 and Db’ are RT/azF and RT/(1 — a)zF, respectively. The rate 
of decay is given by 


[11] dE/dt = —(1/C)[exp(E/b) —exp(— E/b’)]. 


In order to make these expressions more amenable to treatment, simplifying 
assumptions have been used. One of these (I) is to neglect the second expo- 
nential term completely; another (II) is to assume that a = 0.5, so that 
b = b’! = 2RT/zF. The latter assumption is always of doubtful validity. 
Assumption (I) will have no appreciable effect on build-up curves, except at 
extremely low current densities, and will be in error for decay curves only as 
E approaches zero. Use of (I) gives the slope of the decay curve as 


dE/dt = —(t/C).exp(E/b), 


which on integration under the condition that E = n at t = 0 yields equation 
[8]. Thus it is clear that use of 6 embraces assumption (I). The distinction 
between equation [11] and the same modified by (I) becomes apparent only 
as E approaches zero. For purposes of determining } and C, equation [8] is 
satisfactory at values of 7 greater than 107». 

An assumption more general and precise than either (I) or (II) is to take 
b = b’, without assuming a particular value of 6 and without neglecting the 
second exponential term completely. From assumption (III) it follows that the 
slope of the build-up curve is 


[12] dE/dt = i/C — (2%)/C).sinh(E/d), 
that of the decay curve 
[13] dE/dt = —(2%/C).sinh(E/d), 
and the expression replacing that of Tafel is 
[14] n = b.sinh—!(i/2z%). 
Equation [12] shows that the build-up curve will be linear so long as 


(2i9/i).sinh(E/b) is small in comparison with unity. Integration of equa- 
tion [12] yields a cumbersome expression, but integration of equation [13] gives 


[15] In coth(E/2b) = In coth(n/2b) + 2iot/dC, 


which suggests a convenient form for extrapolating decay curves to. zero 
time. Since only the precisely determinable quantity } (& in equations [2] to 
[8]) is required to make the plot of log coth(£/2d) against t, this form may have 
some advantage over equation [8]. Equation [14] differs from equation [1] 
only at very small values of i/t%, for which it leads to the condition that 
n = 0 when: = 0. 

The quantity @ can be derived from equation [15] in the form 


t = (bC/2i) .In{[coth(E£/26) /coth(n/2)]. 
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By definition, 6 is the time required for the potential to fall from infinity to E, 
less the time for a finite potential to fall to the same value E. Hence 


[16] 6 = (bC/2t») . In{coth(n/26)]. 


Although there appears to be little resemblance between the members of the 
pairs of equations [1] and [14], [6] and [16], and [8] and [15], it will be found 
that they are arithmetically identical under the usual experimental conditions, 
in which 7 is substantially greater than 7». 
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APPLICATION OF THE ARCHIBALD ULTRACENTRIFUGAL 
PROCEDURE TO LYSOZYME AND APURINIC ACID: 
EVALUATION USING A MECHANICAL INTEGRATOR! 


By Davin B. Situ, G. C. Woop,? AND P. A. CHARLWOOD 


ABSTRACT 


The method outlined by Archibald for handling transient data in equilibrium 
ultracentrifugation yields a molecular weight for lysozyme that conforms to 
those given by other methods. A method for applying the Archibald procedure 
to apurinic acid which is polydisperse and has a concentration dependent sedi- 
mentation rate is outlined. The use of a mechanical integrator for reducing the 
computational work is described. 


Advantages of the sedimentation equilibrium method of molecular weight 
determination include soundness of theory, wide molecular weight range 
covered, and the small amount of material (2-3 mgm. in conventional ultra- 
centrifuges) required. A disadvantage has been the prolonged centrifuging 
time involved. Archibald (1), however has shown that: molecular weights and 
information on homogeneity may be obtained from the concentration distri- 
bution in the ultracentrifuge cell before equilibrium is attained. 

Archibald’s method has been tested (4) on a saponin, digitonin, molecular 
weight 1229.3, and also (8) on raffinose, molecular weight 504.5, and bovine 
serum albumin. Porath (9) has used the method to obtain the molecular 
weight of bacitracin. 

This communication records the testing of Archibald’s method on lysozyme 
whose molecular weight, 14,100+500 (6), is well defined. The procedure has 
been extended to deal with a preparation of apurinic acid which shows, 
besides polydispersity, some concentration dependence of the sedimentation 
rate. The computational work may be greatly.reduced by the use of a mechani- 
cal integrator. 

The distribution of solute in the ultracentrifuge cell at equilibrium is given 
by 

Ldc_ M(1—ip)w" _ w'S _ ; 

rodr RT ~ D 
where c is the concentration at distance 7 from the center of rotation, MV is 
the molecular weight, 6 the partial specific volume, p the density of the 
medium, w the angular velocity, R the gas constant, T the absolute temperature, 
S the sedimentation coefficient, and D the diffusion coefficient. Sedimentation 
and diffusion rates are assumed to be independent of concentration. Archibald 
showed that the function (1/rc)(dc/dr) at the meniscus of the solution and 
at the base of the cell is equal to 6 at all times and that values of (1/rc) (dc/dr) 
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found experimentally in regions near base and meniscus at any given time 
may be extrapolated to these limits to obtain 6, and 6, respectively. If the 
solute is monodisperse, 5, and 6,, are equal and proportional to M. In poly- 
disperse solutions, 6, is higher than 6, and each value is proportional to the 
weight-average molecular weight at base and meniscus respectively. 

However, if the usual type of concentration dependence of the sedimentation 
rate exists, the values of 6 obtained will be too low especially at the base 
where the higher concentration results in greater depression of S. Equality 
of the two values of 6 does not therefore indicate monodispersity if the sedi- 
mentation rate is concentration dependent. The concentration dependence 
of D is normally much less than that of S, since a thermodynamic factor 
related to the second virial coefficient usually tends to oppose the hydro- 
dynamic factor (11). These concentration effects can be eliminated by extra- 
polation to zero concentration. 

Application of the Archibald method requires a knowledge of dc/dr and ¢ 
at points at and close to meniscus and base. The usual diagonal schlieren 
method of observing refractive index gradients in the ultracentrifuge cell 
gives a pattern that may be taken to be a plot of dc/dr vs. r. The arithmetic 
evaluation of ¢ as a function of r from such a plot is tedious and this fact has 
hindered the application of Archibald’s procedure. The operation may be 
greatly simplified by the use of a mechanical integrator capable of measuring 
first and second moments besides areas. For this method, the equations of 
Brown, Kritchevsky, and Davies (4) were transformed as follows: 


a) 
dc 
Oo — om = J. aw 


Tp a) 
f, redr = 3| ant — cara — fi ka || nt - nt] 
Tn 2 b’b m/m ™ dr 2 b m 


where r is the distance in cm. from the axis of rotation, ¢ the corresponding 
concentration, ¢, and c, the concentrations at the base and meniscus, 7) and 
’m respectively, and co the initial concentration of the solution. 

Concentrations ¢, and c, can thus be obtained from the area of the pattern 
and its second moment about the axis of rotation 


a) 
2 dc 
f. "i dr, 


together with the other known or measurable quantities. 

The second moment of part of the ultracentrifuge pattern about the axis 
of rotation enters the equations used by Baldwin (2) and by Klainer and 
Kegeles (8). Here too mechanical integration would simplify the computations. 






MATERIAL AND METHODS 


Lysozyme (Armour Lot No. 003L1) was examined in sodium phosphate 
buffer pH 6.6, ionic strength 0.2. 

Apurinic acid prepared (12) from calf thymus sodium desoxyribonucleate 
was dissolved in sodium acetate buffer pH 5.0, ionic strength 0.15. 
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Refractive index increment, dn/dc, of lysozyme is 1.88 X 10-* ml. gm.— (7). 
The value assumed for apurinic acid was that reported (10) for sodium 
desoxyribonucleate, also 1.88 & 10-* ml. gm.—!. 

Partial specific volume, 3, of lysozyme is 0.688 ml. gm.—! (6). For apurinic 
acid, the value 0.55 ml. gm.—! was used. This value has been reported for sodium 
desoxyribonucleate (5). 

The Spinco Model E ultracentrifuge using the standard cell was run at 
12,590 r.p.m. Several photographs taken at different bar angles immediately 
after the rotor had attained full speed provided base lines since it was found 
that no detectable sedimentation of the buffer salts occurred over 18 hr. 

Initial and final temperatures of the rotor differed by about 2° and the aver- 
age value was used in subsequent calculations. 

The optical system of the ultracentrifuge was calibrated by measuring the 
area of the pattern given by a boundary between a KCI solution and water 
in the Spinco synthetic boundary cell. The refractive index difference across 
this boundary was determined in a differential refractometer (3). 

The ultracentrifuge patterns were enlarged at measured magnification 
(about 8X) and traced onto graph paper. The tracings were bisected, base 
lines were superposed, and the resulting outlines were analyzed both by the 
arithmetical method of Brown et al. (4) and by the use of an Amsler integrator, 
Type 626. Since the enlarged pattern is too large for the desired second mo- 
ment to be obtained directly, the instrument was set on an axis parallel to 
the meniscus at a distance 7, from the center of rotation and chosen so as to 
approximately halve the outline. The second moment about the axis of rotation 
is 


ArZ+2Mr,+] = Io 
where A is the area of the outline and VM and 7 are its first and second moments 


respectively about the arbitrary axis. 


RESULTS AND DISCUSSION 
Lysozyme is an example of a material having relatively uncomplicated 
sedimentation behavior. Fig. 1 shows a set of ultracentrifuge patterns obtained 











Fic. 1. Ultracentrifuge patterns obtained with lysozyme, initial conc. 1.06%. Sedimentation 
ne left to right. Photographs taken at 58, 148, 238, 328, and 418 min. after attaining full 
speed. 


with lysozyme. Fig. 2 shows a family of curves obtained by the arithmetical 
method of (1/rc)(dc/dr) plotted against r. In Table I are shown values of 
5 obtained by both methods of computation after two separate runs with 
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Fic. 2. Values of (1/rc)(dc/dr) computed from ultracentrifuge patterns with lysozyme, 
initial conc. 1.57%, plotted against distance from axis of rotation. Photographed at 427 (A), 


491 (X), 61 


9 (O), 1061 (+), and 1084 (CJ) min. after attaining full speed. 


lysozyme. The values from the arithmetical method are the intercepts at 
Y, and 7, of extrapolated curves of (1/rc) (dc/dr) against r. The values obtained 
using the integrator are calculated from the determined values of c, and G, 
the measured value of r,, the value of 7 supplied by Spinco, and the values 
of dc/dr measured at r_, and 7» (extrapolation of the pattern to the latter 
point is required). 


TABLE I 
MOLECULAR WEIGHT OF LYSOZYME BY THE ARCHIBALD PRODEDURE 








Run 1, co = 1.06% Run 2, co = 1.57% 














Arithmetic Integrator Arithmetic Integrator 
Time method Time method 
(min.) (min.) 
bm 5b 5m bb 5m 5b 5m bp 
58 0.32 0.33 0.32 0.35 427 0.32 0.40 0.31 0.42 
148 0.30 0.35 0.30 0.37 491 0.30 0.41 0.29 0.41 
238 0.29 0.34 0.31 0.37 619 0.32 0.40 0.31 0.42 
328 0.31 0.35 0.30 0.38 1061 0.31 0.41 0.30 0.40 
418 0.32 0.37 0.30 0.38 1084 0.29 0.42 0.28 0.37 
Mean 0.31 0.35 0.31 0.37 0.31 0.41 0.30 0.40 
Mol. weight 14,100 16,000 14,100 16,800 14,100 18,700 13,700 18,200 
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Molecular weights calculated from 6, are in excellent agreement with that 
obtained by Colvin (6), 14,100+500, from separately determined S and D 
coefficients. The higher values calculated from 6, may indicate the presence 
of small amounts of higher molecular weight contaminants from the egg-white 
source or may be due to concentration effects. The concentration at the base 
of the cell ranged between about 1.3 and 1.8% in Run 1 and 2.5 and 3.1% in 
Run 2. These concentrations are outside the range over which Colvin found 
no dependence of S on concentration. In any case, at these higher concentra- 
tions, it is unlikely that the sedimentation rate of lysozyme is greatly reduced. 
Light scattering measurements by Halwer, Nutting, and Brice (7) indicate 
that the second virial coefficient of lysozyme is appreciably negative in a 
medium of pH 6.2 and » = 0.1. A negative virial coefficient tends to reduce the 
diffusion coefficient at finite concentrations (11) and thus increase 6. The 
extrapolation necessary because the region close to the base is not recorded 
on the photographic plate introduces further error in the estimation of 5p. 

Preparations of apurinic acid are very heterogeneous (12). Fig. 3 shows a 
family of (1/rc)(dc/dr) vs. r curves for a preparation of this material. The 
intercepts, 5, and 6), are not the same. Moreover, sedimentation velocity 
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Fic. 3. Values of (1/rc)(dc/dr) computed from ultracentrif uge patterns obtained with 
apurinic acid, initial conc. 0.53%, plotted against distance from axis of rotation. Photographed 
at 30 (A), 252 (X), 522 (O), 786 (+), and 1019 (CJ) min. after attaining full speed. 

Inset: Variation of 5, and 6m with time. 
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determinations on apurinic acid (12) show that its sedimentation rate has a 
concentration dependence of about 0.1 dl. gm.~! Sved.-'. The negative slope 
of the 5, vs. time curve (Fig. 3 inset) must arise from the depression of S as 
the concentration at the base rises since it has been found (12) that instability 
of the material can have only a small effect. 

The concentration effect was eliminated by doing several ultracentrifuge 
experiments at different initial concentrations, and taking photographs at the 
same times (¢) in each run. For each value of ¢, 6, and 6, were plotted against 
G and cy, respectively and the curves extrapolated to zero concentration to 
give 5,(c +0) and 6n(¢c — 0). Since 5,(¢c +0) was found to be greater than 
dn(¢ 0), indicating polydispersity, graphs of 6,(¢ 0) and 6,(c > 0) 
against ¢ were extrapolated to zero time, as suggested by Archibald, to give 
5(c ~0)(t->0) from which the weight-average molecular weight of the 
unfractionated material was calculated. The two extrapolations may con- 
veniently be done on the same graph (Fig. 4) by plotting 6, against (c, + 0.1#) 
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Fic. 4. Values of 6 obtained from three ultracentrifuge runs with apurinic acid plotted 
against (c + 0.12), showing extrapolation to zero concentration and zero time. Photographs 
taken at 30 (1), 252 (+-), 522 (A), 786 (X), and 1019 (V7) min. after attaining full speed. 


and 6, against (c, + 0.1/). The weight-average molecular weight, 27,000, is in 
good agreement with the value of 25,000 found by the light-scattering methods 
(12). The concentration dependence of 6, is much greater than that of 6n, 
because the species of highest molecular weight, whose sedimentation rates 
will be most dependent on concentration, tend to concentrate near the base. 
The value approached by 6, as centrifugation proceeds corresponds to a 
molecular weight of 7000. 





370 CANADIAN JOURNAL OF CHEMISTRY. VOL. 34, 1956 


Extrapolation of plots of 1/5 against concentration to zero concentration, 
corresponding to the linear relation between reciprocal sedimentation coeffi- 
cient and concentration, may be preferable to the above treatment, where 
higher degrees of concentration dependence are involved. 


CONCLUSION 


This work has shown that the Archibald method gives molecular weight 
values for low molecular weight proteins that compare favorably with values 
obtained in other ways. A method for getting information on size and poly- 
dispersity for systems showing concentration dependence of the sedimentation 
rate has also been outlined. The computational work can be greatly reduced by 
the use of mechanical integration which also permits ready replication and 
reduces the opportunity for arithmetic error. 
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A LOW-TEMPERATURE APPARATUS FOR SINGLE-CRYSTAL 
X-RAY GONIOMETERS! 


By T. T. HaArpbInc? 


ABSTRACT 


An apparatus is described which may be used to grow and maintain single 
crystals at temperatures down to approximately —180°C. The crystals may be 
grown directly upon the head of the X-ray goniometer in order to permit the 
recording of data required for the investigation of the crystalline structure of 
substances which exist in the liquid or gaseous states at ordinary temperatures. 


INTRODUCTION 


Recent interest in the study of crystal structures of solids at low tempera- 
tures and of compounds which exist in the liquid state at ordinary temperatures 
has led to the construction of a number of low-temperature devices for powder 
and single-crystal X-ray goniometers (1-18). In this paper an apparatus is 
described which has been used successfully in a determination of the crystal 
structure of acetonitrile. This apparatus bears some similarity to that con- 
structed by Owen and Williams (8). 


CONSTRUCTION 


The crystal is maintained at low temperatures by a stream of dry gas which 
is cooled by passage through a cooling chamber containing liquid nitrogen. 
The source of supply of dry gas may vary according to the availability of 
material, but during operation in this laboratory large amounts of liquid 
nitrogen were readily available and were used to supply dry nitrogen to_the 
cooling system. A diagram of the gas circuit is shown in Fig. 1. 
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Fic. 1. Layout diagram of gas circuits. 
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Dry nitrogen was obtained by boiling liquid nitrogen in one of the large 
50 liter dewar tanks T; and Ty» using electric heaters H, of 30 ohm resistance 
operating on mains current (110 volts). The current through the heaters and 
thus the flow of gaseous nitrogen was regulated by a variac. A constant flow 
of gas may be maintained when changing from tank T, to tank T; by opening 
and closing the appropriate valves V; together with the switches W and by 
adjusting the variac. The flow of gas through the system is indicated by a 
flowmeter F;. The gas then passes into the cooling chamber C where it is 
cooled by liquid nitrogen, and into the mixing head M before being expelled 
through the delivery tube B to impinge upon the sample tube which is mounted 
on the goniometer head. In order to maintain a fairly high gas flow-rate around 
the crystal when the apparatus is operating in its higher temperature range and 
to assist in temperature control and variation, warm air is passed through a 
regulating valve through a series of drying agents D,, including potassium 
hydroxide to remove carbon dioxide, and a flowmeter F2 into the mixing head 
M. Here it is mixed with the cold nitrogen and then expelled through the 
delivery tube B. 

In order to prevent ice formation around the sample tube and goniometer 
head a stream of air is passed through a regulating valve, a series of drying 
tubes D2, and a flowmeter Fs, and finally into a tube mounted coaxially around 
the delivery tube so that a column of warm dry air surrounds the cold gas 
stream and serves to prevent ice formation. 

The cooling chamber is shown in detail in Fig. 2. Nitrogen gas enters 
through the tube N and passes through the brass chamber H’ into the large 
dewar vessel R containing liquid nitrogen. Chamber H’ serves as a collecting 
point for any impurities in the incoming gas which are deposited on cooling 
and which may be removed after an experimental run by removing a plug at 
the bottom of the chamber; this is important when the source of cooling gas is 
other than liquid nitrogen. The nitrogen then passes from H’ into a coil of 
copper tubing C, consisting of 15 turns of 3 in. diameter copper with a wall 
thickness of 1/32 in. The inside diameter of the coil is 33 in. It was found that 
the above dimensions for the cooling coil were the most satisfactory for cooling 
the gas without liquefying it. The cold nitrogen gas passes from the dewar 
vessel and cooling coil via the tube O into the mixing head M which is con- 
structed with dewar walls. Here the cold gas may be mixed with warm air 
which enters through the tube O’ before being expelled into the delivery 
tube B. The dewar vessel R, encased in felt K, is placed in a copper container 
N. The mouth of the dewar is sealed by a lid J and cork I through which pass 
the inlet and outlet tubes etc., and a gas outlet X. 

The level of the cooling liquid in the dewar vessel R is maintained by means 
of the following device. A float Z operating in a Pyrex glass tube within the 
dewar is connected by a fine wire to a shutter of brass foil Q within the closed 
glass system E which may be dismantled at the ground glass joints G; and Gz. 
The float and shutter rise or fall with the level of liquid in the dewar, the 
shutter Q being arranged to operate between the two lamps L; and L» and the 
photoelectric cells P, and P: which are connected via the amplifier AMP and 
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Fic. 2. The cooling chamber. 


relays (see Fig. 1) to two solenoid valves S; and S, respectively. The circuit is 
arranged so that as the shutter Q falls, it covers the aperture of photocell P» 
and then uncovers it. The amplified impulse from the photocell opens the 
solenoid valve S,; which admits air under pressure to the liquid nitrogen 
reservoir T; and forces the liquid into the dewar vessel through the lagged tube 
U, solenoid valve S; being closed. As the level of liquid rises, the shutter covers 
photocell P; and then uncovers it. The resulting impulse closes valve S; and 
opens S; to allow the excess pressure to escape from the reservoir T;, and hence 
the flow of liquid nitrogen to the dewar vessel R ceases. It may be seen that the 
constant level device would operate efficiently with only one photocell coupled 
to a double-pole, double-throw relay. However the electronic arrangement 
described above was available from an experimental arrangement of a different 
type which was no longer required. 

The construction of the delivery tube shown in Fig. 3 is similar to that 
described by Burbank and Bensey (2). It consists of a glass dewar-walled 
central tube of internal diameter 1.0 cm. which is enlarged at one end to fit the 
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Fic. 3. Delivery tube. 





exit tube of the mixing head (see Fig. 2). The nozzle of the delivery tube ex- 
tends 0.6 cm. beyond the end of the outer jacket of inside diameter 2.5 cm. 
through which warm dry air is passed via D, and F; as shown in Fig. 1. It is 
important that the seal of the double-walled delivery tube should be smooth 
and well-rounded so that the flow of both columns of gas is as nearly streamline 
as possible. This ensures that the inside column of cold nitrogen is in contact 
only with dry air so that ice formation is prevented. 


NOTES ON OPERATION AND POSSIBLE MODIFICATION 


When in operation the delivery tube is mounted so that the stream of cold 
gas impinges upon the capillary tube containing the sample for examination. 
Care must be taken in using the precession goniometer that rotation of the 
camera through a Z angle of 30° is not prohibited by the position of the delivery 
tube. Crystals may be grown by controlled cooling and warming of the liquid 
sample using the valves and flowmeters in the gas circuit to regulate the tem- 
perature of the gas impinging upon the sample tube. By noting the readings on 
the flowmeters the conditions of a particular experiment may be repeated 
precisely at a later date, or by using a thermocouple mounted upon the gonio- 
meter head in the position usually occupied by the crystal the rates of flow of 
cold gas may be calibrated against temperature. It was also found during opera- 
tion that it was advisable to use a tube of indicating ‘drierite’ as the final 
drying agent in each drying system so that it was possible to have adequate 
warning when fresh drying agents were required. This was of particular impor- 
tance in the drying tubes D, if ice formation around the specimen was to be 
prevented. During operation at —70°C. with a cooling stream of gas flowing at 
0.5 cu. ft. per min. it was found that 50 liters of liquid nitrogen were sufficient 
for at least 48 hours’ supply of gas whilst a further 50 liters were expended each 
24 hr. as cooling liquid. Temperatures down to —180°C. were obtained using 
higher flow rates and could be maintained without difficulty without too much 
attention to the liquid nitrogen supply since it is possible to couple any number 
of reservoirs to the system. It may also be possible to achieve greater economy 
in the use of liquid nitrogen by making vacuum-jacketed connections between 
the reservoirs T; and T; and the cooling chamber. As previously pointed out, 
the gas supply to this apparatus may be varied according to the availability 
of materials. Some experiments were undertaken using banks of nitrogen 
cylinders. This was satisfactory when pure nitrogen was used and then passed 
through drying tubes containing ‘drierite’ and potassium hydroxide in order 
to remove final traces of moisture and carbon dioxide before the cooling 
chamber was reached. It is also suggested that the gas may be more con- 
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veniently supplied by an air pump driving air through agents for the removal 
of moisture and carbon dioxide. Liquid air may then be used as the cooling 
agent. 

It was found that the apparatus described above would maintain low tem- 
peratures for an indefinite period. 
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REACTIONS OF SOME HALOGEN DERIVATIVES OF 
TETRAHYDROPYRAN-2-OL! 


By E. H. CHARLESWORTH AND A. GIESINGER 


ABSTRACT 


The 3-halotetrahydropyran-2-ols have been found to readily give derivatives 
of tetrahydrofurfural in aqueous alcohol under weakly basic or acidic conditions. 
In strongly alkaline solution tetrahydropyran-2,3-diol and its anhydro-polymers 
were formed. 3,3-Dichlorotetrahydropyran-2-ol and 2,3,3-trichlorotetrahydro- 
pyran have been converted by aqueous alkali to viscous sirups which appear to 
contain 2-hydroxytetrahydropyran-3-one and its tautomers. On oxidation with 
permanganate these sirups have yielded succinic acid. 


INTRODUCTION 


The aldehydic properties of tetrahydropyran-2-ol (I) were explained by 
Paul (7, 9) on the assumption that it existed in equilibrium with 6-hydroxy- 
valeric aldehyde (II). Paul’s view has since been confirmed by other workers, 


3 ——— H 
» es HO -CH,-CH,- CH,-CH,-Cz0 
° 

= us 


particularly Schniepp and Geller (14) and Woods and Sanders (17). The latter 
authors obtained a crystalline 2,4-dinitrophenylhydrazone. 

The 3-halotetrahydropyran-2-ols (IV), readily prepared by the hydrolysis 
of the corresponding 2,3-dihalides (III) in the presence of mild alkaline 
reagents, have been reported by Paul (8, 10, 11), by I.G. Farben (5), and by 
Hawkins and Bennett (1, 2). As these possess some aldehydic properties, it 
has been assumed that they exist in equilibrium with a 6-hydroxyvaleric 
aldehyde form (V). Crystalline derivatives, however, are not reported, although 
Paul (11) did isolate a liquid oxime of tetrahydrofurfural following the 
hydrolysis of the 2,3-dichloride. Paul (9) found that 3-bromotetrahydropyran- 
2-ol reacted rapidly with phenylhydrazine, but gave only crystals of phenyl- 
hydrazine hydrobromide. This latter reaction suggests that in the presence of 
an organic base the bromohydrin loses hydrogen bromide more rapidly than 
it acts as an aldehyde. 

In view of their undoubted aldehyde properties, it seemed desirable to prepare 
crystalline derivatives of these halotetrahydropyranols and thus to determine 
the nature of the aldehydic substances derived from them. Both the chloro- 
and bromo-tetrahydropyranol were found to react with substituted phenyl- 
hydrazines to yield the same halogen-free derivatives, namely, 


(i) a 2,4-dinitrophenylhydrazone, m.p. 133-134°; 
(ii) a 2,4-dinitrophenylosazone, m.p. 242°; 
\Manuscript received November 14, 1955. 
Contribution from the Department of Chemistry, the University of Manitoba, Winnipeg, Man. 
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(iii) a p-nitrophenylhydrazone, m.p. 146°; 

(iv) a p-nitrophenylosazone, m.p. 246°; 

(v) a p-benzylphenylhydrazone, m.p. 74-75°. 

In all cases these derivatives are identical with corresponding products made 
from an authentic sample of tetrahydrofurfural (VI) prepared by the method 
of Scheibler, Sotscheck, and Friese (13). Hurd and Edwards (3) obtained the 
same derivatives from tetrahydrofurfural produced by heating tetrahydro- 
pyran-2,3-diol (VIII) under reduced pressure. 
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The 3-halotetrahydropyran-2-ols lose hydrogen halide so readily that they 
can be titrated with aqueous sodium hydroxide. In each case it is possible to 
isolate a quantitative yield of the sodium halide salt. We had hoped at first 
to use this method to obtain the oxide (VII). However, in view of the fact that 
an organic base when extracting hydrogen halide leaves tetrahydrofurfural 
as a residue, it seemed that the effect of sodium hydroxide might be the same 
and thus represent a convenient method of preparing tetrahydrofurfural. 

The organic product from the reaction proved to be rather elusive. Organic 
solvents do not extract it in appreciable amounts from the aqueous mixture. 
Even continuous extraction proved inadequate. The water had to be removed 
almost completely, either by absorption on drying agents or better by evapora- 
tion, before the product could be taken up in organic solvent. 

The nature of the product varies somewhat according to the conditions. 
If the reaction mixture is kept near room temperature throughout the process, 
a considerable portion of the product is soluble, with some difficulty, in ether. 
This ether-soluble substance is aldehydic, but it is a higher boiling liquid than 
tetrahydrofurfural. It gives the same dinitrophenylosazone, m.p. 242°, as 
tetrahydrofurfural, but not the phenylhydrazone obtainable from that 
substance. It readily reduces periodic acid to iodate and forms a 3,5-dinitro- 
benzoate, m.p. 174°. This substance seems to be tetrahydropyran-2,3-diol 
(VIII), which Hurd and Kelso (4) prepared by hydrogen peroxide oxidation 
of dihydropyran. 
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At higher reaction temperatures less of the product is ether-soluble. Small 
fractions can be extracted with other solvents, but the bulk is soluble only in 
alcohol and water. Evaporation of the solvent in each case leaves a high 
boiling sirup which is not easily purified by distillation. In one case a solid, 
m.p. 190°, precipitated from aqueous solution. In another case a chloroform 
extract yielded a solid, m.p. 101-102°. The properties of these substances 
indicate that they are the same CioHi¢O,4 materials as are reported by Hurd 
and Edwards (3), who obtained them by heating tetrahydropyran-2,3-diol. 
The lower melting of these two compounds was also obtained by Swadesh and 
Dunlop (16) from another source. The two groups of workers seem to agree 
that it has the structure XIII and that it is formed from the diol by the route 
shown. The structure of the higher melting compound has not been established, 
but the indications are that it may be XIV. Compound XV has been isolated 
by Hurd and Kelso (4). Our high boiling sirups are probably mixtures of 
compounds XIII, XIV, and XV and perhaps more complex structures. 
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No material was isolated that seemed to be the oxide (VII). If formed at 
all, it was apparently unstable and hydrolyzed to form the diol (VIII). 
Other attempts by Paul and Tchelitcheff (12) and by Hurd and Edwards (8) 
to obtain the oxide have not been too successful. 

3,3-Dichlorotetrahydropyran-2-ol (XVII) is mentioned briefly in the 
literature in a wartime I.G. Farben report (6) and in a German patent (18). 
We have prepared this substance by warming the 2,3,3-trichloride (XVI) 
with an equivalent of sodium carbonate solution. It is less aldehydic than the 
simpler halohydrins discussed earlier, but resembles them in some of its 
properties. It reduces Fehling’s solution when warmed for some time; it 
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forms the same dinitrophenylosazone, m.p. 242°, but does not form an inter- 
mediate hydrazone. When dissolved in warm alcohol, it can be titrated with 
aqueous sodium hydroxide solution and neutralizes two equivalents of the base. 
In this reaction the 3,3-dichlorotetrahydropyran-2-ol loses its entire halogen 


content. 
CE — : 
cr 
= xvie 
|’ Neon ]NeoH 


vit 
eo ——  Ho-Ch, cH, cH, € -C=0 


Sa - 
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When 2,3,3-trichlorotetrahydropyran (XVI) is warmed and stirred with 3 
moles of aqueous sodium hydroxide solution, the organic layer gradually 
disappears and the alkali is neutralized. A dark red reaction mixture results. 
The organic product can be isolated by evaporating the water and extracting 
the residue with alcohol. A quantitative yield of sodium chloride is left behind. 
On evaporation of the alcohol a viscous dark red halogen-free sirup is left. 
This material is thought to contain an equilibrium mixture of tetrahydro- 
pyranone-3-ol-2 (XVIII) and a-keto-é-hydroxyvaleric aldehyde (XIX), 
together with more complex substances. It is aldehydic, reducing Fehling’s 
solution rapidly when warmed. With 2,4-dinitrophenylhydrazine it gives, 
near room temperature, an almost immediate precipitate of the expected 
2,4-dinitrophenylosazone (XX), m.p. 242°. On oxidation with potassium 
permanganate, both in alkaline and acid solution, succinic acid (XXII) has 
been obtained. Intermediate compounds such as a-ketoglutaric acid (XXI) 
have not been isolated as yet from the above oxidations or with milder oxidiz- 
ing agents. 

EXPERIMENTAL 
Derivatives of 3-Halotetrahydropyran-2-ols 


Both 3-chloro- and 3-bromo-tetrahydropyran-2-ol were prepared by the 
hydrolysis of the corresponding dihalides with aqueous sodium carbonate 
solution, following the directions of Hawkins and Bennett (2) for the prep- 
aration of 3-chlorotetrahydropyran-2-ol. The methods used for the prepara- 
tion of the derivatives listed below were essentially those described by Shriner 
and Fuson (15). 
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(a) 2,4-Dinitrophenylhydrazones 

The 3-chloro- and 3-bromo-tetrahydropyran-2-ol were treated at room 
temperature with 2,4-dinitrophenylhydrazine reagent. Voluminous orange- 
yellow precipitates were formed. Qualitative tests showed no halogen in the 
products. After repeated crystallization from absolute ethanol both products 
were obtained as yellow needles which melted at 133-134°C. There was no 
depression of the melting point when the two products were mixed. 


(b) 2,4-Dinitrophenylosazones 

The 3-halotetrahydropyran-2-ols were refluxed with excess 2,4-dinitro- 
phenylhydrazine in aqueous alcohol, in the presence of a few drops of con- 
centrated hydrochloric acid. An orange-red precipitate formed in each case. 
On recrystallization from acetone or nitromethane orange needles were 
obtained which in both cases melted at 242°C. The mixed melting point 
indicated that the products from the two halotetrahydropyranols were the 
same. 


(c) p-Nitrophenylhydrazones 

The 3-halotetrahydropyranols were warmed for a few minutes with an 
alcoholic solution of p-nitrophenylhydrazine and a trace of acetic acid. The 
orange-red precipitates were halogen-free. Several recrystallizations from 
absolute methanol gave the same orange yellow needles which melted at 
146°C. 

(d) p-Nitrophenylosazone 

This can be produced by prolonged heating (four hours) with excess p-nitro- 
phenylhydrazine and a little concentrated hydrochloric acid. A dark red pow- 
der separated on cooling. On recrystallization from methanol it separated as 
fine dark red crystals which melted at 246°C. with slight decomposition. 


(e) Benzylphenylhydrazone 

The 3-halotetrahydropyran-2-ol in water (1 gm. in 7 ml.) was treated with 
benzylphenylhydrazine hydrochloride in 95% ethanol (1 gm. in 10 ml.). 
The mixture was warmed for a few minutes. On cooling a yellowish white 
precipitate formed. It was recrystallized from methanol in almost colorless 
needles which melted at 74-75°C. 


(f) Comparison with Tetrahydrofurfural Derivatives 

The derivatives from the halotetrahydropyranols described above were 
compared with the corresponding derivatives from  tetrahydrofurfural, 
prepared by D. G. Hay in these laboratories by the method of Scheibler, 
Sotscheck, and Friese (13). Mixed melting points and other tests proved that 
the above products were identical in all respects with derivatives from tetra- 
hydrofurfural. 


Tetrahydropyran-2,3-diol (VIII) and Related Compounds 
3-Chlorotetrahydropyran-2-ol (13.6 gm., 0.1 mole) dissolved in water 
(100 ml.) was treated with sodium hydroxide solution (4 gm. in 100 ml.) 
and allowed to stand for three to four hours at room temperature. The solution 
was made just acid with a few drops of dilute hydrochloric acid and allowed to 
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evaporate at 35-40°C. The residue was extracted with absolute ethanol, 
leaving behind a quantitative yield of sodium chloride. The alcoholic extract 
was allowed to evaporate at room temperature. The residue (10 gm.) was 
extracted several times with ether. Evaporation of the ether gave a high 
boiling sirup (8 gm.) which is thought to be tetrahydropyran-2,3-diol. Found: 
C, 51.1; H, 8.07%; Calc. for CsH 03: C, 50.9; H, 8.47%. 

The same product can be obtained more conveniently in larger quantities 
by treating crude 2,3-dichlorotetrahydropyran, made by direct chlorination of 
dihydropyran, with 2 moles of sodium hydroxide and isolating the product as 
described above. 

The product gave the previously described dinitrophenylosazone (m.p. 
242°) when refluxed with 2,4-dinitrophenylhydrazine. It reduced periodic acid 
to iodate and formed a 3,5-dinitrobenzoate, m.p. 174°C. 

When the reaction with sodium hydroxide was carried out at 100° on the 
water bath, very little of the organic product was soluble in ether. The high 
boiling sirup obtained was probably a mixture of substances of higher mole- 
cular weight than the diol. In one trial a chloroform-extracted product solidi- 
fied. When recrystallized from ethanol it separated in elongated plates which 
melted at 101—102°C. Found: C, 59.7; H, 8.10%; Calc. for CioH1¢O4: C, 60.0; 
H, 8.00%. The melting point and analysis indicates that this is one of the 
CyoH:6O4 substances which Hurd and Edwards (3) obtained by heating 
tetrahydropyran-2,3-diol. 

In another trial when excess solid sodium hydroxide was added to the 
chlorohydrin solution and the mixture left standing, a small quantity of very 
fine white powder settled out. This melted at 190°C. and could be the other 
C10H1¢O4 substance obtained by Hurd and Edwards. 
8,3-Dichlorotetrahydropyranol-2 (XVII) 

2,3,3-Trichlorotetrahydropyran (9.5 gm.), prepared by the method of 
Hawkins and Bennett (2), was stirred with sodium carbonate solution (2.6 
gm. in 100 ml. of water) at 35-40° for 10 hr. The reaction mixture was then 
subjected to continuous extraction with ether. After evaporation of the ether a 
solid recrystallized from aqueous alcohol in plates which melted at 88-89°C. 
The I.G. Farben chemists (6) reported 90° as the melting point of 3,3-di- 
chlorotetrahydropyran-2-ol. 

This product was less aldehydic than the halohydrins, but it did reduce 
Fehling’s solution on warming for some time. When the product was treated 
at room temperature with 2,4-dinitrophenylhydrazine it did not form a 
dinitrophenylhydrazone, but when the reaction mixture was heated the 
previously described 2,4-dinitrophenylosazone (m.p. 242°C.) was precipitated. 

When the dichlorotetrahydropyranol was dissolved in warm alcohol, it 
could be titrated slowly with aqueous sodium hydroxide solution and neu- 
tralized two equivalents of the base. 


2-Hydroxytetrahydropyran-3-one (XVIII) 


2,3,3-Trichlorotetrahydropyran (19 gm., 0.1 mole) was warmed to 35- 
40°C. so it would remain in the liquid phase, and sodium hydroxide solution 
(12 gm., 0.3 mole, in 150 ml. of water) was added. The mixture was kept at the 
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temperature indicated and stirred until the organic layer had disappeared — 
about 10 hr. The reaction mixture still slightly acid was then allowed to evap- 
orate at just above room temperature. The residue was extracted with absolute 
ethanol, leaving behind a nearly quantitative yield (16 gm.) of sodium chloride. 
The alcoholic extract on evaporation gave a very viscous, dark red sirup 
(10 gm.). No method of purifying it has been found. Its reactions indicated 
that it was mainly 2-hydroxytetrahydropyran-3-one in equilibrium with an 
open chain aldehyde form. 

It reduced Fehling’s solution rapidly when warmed. With 2,4- dinincnateenns 7l- 
hydrazine it gave an almost immediate precipitate of the expected 2,4-dini- 
trophenylosazone (m.p. 242°), previously described. 

The crude red sirup was treated at room temperature for several days 
with an alkaline solution of potassium permanganate. The manganese dioxide 
was filtered off and the filtrate acidified with dilute sulphuric acid. Further 
decolorization of the permanganate now occurred. When this acid oxidation 
was complete the excess permanganate was destroyed with a little sodium 
bisulphite, the solution evaporated to dryness, and the residue extracted 
with ether. On evaporation of the ether a solid acid (m.p. 186°) was left. 
This was identified as succinic acid by the preparation of the p-bromophenacyl 
ester (m.p. 210-211°) and the p-nitrobenzyl ester (m.p. 87—-88°). Mixed 
melting points of these derivatives with samples prepared from an authentic 
specimen of succinic acid showed no depression. 
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SYNTHESIS OF 1,1-DI-(p-CARBOXYPHENYL)ETHANE AND ITS 
ESTERS! 


By Henry BADER? AND W. A. EDMISTON 


ABSTRACT 


The condensation of chlorobenzene with ethylidene diacetate in presence of 
fluosulphonic acid — hydrogen fluoride catalyst has been improved to give high 
yields of 1,1-di-(p-chlorophenyl)ethane, which was converted into the corre- 
sponding dinitrile by a modification of the cuprous cyanide method. Alkaline 
hydrolysis of the dinitrile gave 1,1-di-(p-carboxyphenyl)ethane. Its methyl and 2- 
ar gl esters were prepared directly from the diacid or via the diacid 
chloride. 


The interesting properties of the polyesters of terephthalic acid prompted us 
to prepare other aromatic p-diacids expected to possess similar properties, 
i.e. 1,1-di-(p-carboxyphenyl)ethane (I). 


HOoC—/ ~ | ‘\S—COooH HOOC 1 ‘\—cooH 
i. it” a : V 
Hs CH; 


I II 





This compound was previously obtained by Haiss (4) by partial decarboxyla- 
tion of 2,2-di-(p-carboxyphenyl) propionic acid (II), which was produced by 
oxidation of the condensation product of toluene and pyruvic acid. 

The simplest approach to the synthesis of compound (I) would be to oxidize 
1,1-di-(p-tolyl)ethane to the diacid or to the dialdehyde, as described by 
Perron and Barré (8, 9) for the 2,2,2-trichloro-1,1-di-(p-tolyl)ethane. However, 
the stability of the ethylidene bridge is much lower than that of the trichloro- 
ethylidene group and it is the first one attacked on oxidizing 1,1-di-(p-tolyl)- 
ethane. Thus Anschiitz (1) reported formation of di-p-tolyl ketone and of 
p-toluylbenzoic acid when hot chromic acid was used, and similarly in this 
laboratory (5) chromium trioxide in glacial acetic acid at 55° gave only 
di-p-tolyl ketone. 

This synthesis was carried out successfully through the route outlined in 
the following scheme: 


cf \N = NC—¥ x | \—cNn ’ 
a ——> CH oe 
Wee i lie 
CH3 CHs 


III IV 


1Manuscript received November 14, 1956. 
Contribution from the Research Laboratory, Dominion Tar and Chemical Company Limited, 
Ville LaSalle, Quebec. 
2 Present address: Ortho Research Foundation, Raritan, N.J., U.S.A. 
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The starting material, 1,1-di-(p-chlorophenyl)ethane, was prepared by an 
improvement of the method previously evolved in this laboratory (2). The 
original method gives a 48.6% yield of the isomeric mixture of 1,1-di-(chloro- 
phenyl)ethane by reacting chlorobenzene with ethylidene diacetate in presence 
of a mixture of fluosulphonic acid and hydrogen fluoride. It has now been 
found that the presence of sulphuric acid in the reaction mixture lowers the 
yield of the product. When the fluosulphonic acid is redistilled immediately 
before use and thus freed from the sulphuric acid it contains, the yield of 
mixed isomers can be raised to 71.5%. The solid »,p’ isomer can be easily 
isolated and purified by crystallization. 

When the conversion of the dichloride (III) into the dicyanide (IV) was 
attempted with cuprous cyanide in pyridine or quinoline under the standard 
conditions described in the literature (cf. inter alia Newman (7)), there resulted 
an extensive charring of the product and the reaction was incomplete, the 
monochlorocyanide being the main product. By using, however, at least a 
three times higher molar ratio of the organic base to cuprous cyanide than is 
customary, a good yield of 1,1-di-(p-cyanophenyl)ethane (IV) was obtained. 
While our work was in progress Lorz and Baltzly (6) reported improved 
yields of 4-alkoxy-1-naphthonitriles by doubling the amount of pyridine used 
by Newman (7) thus confirming our findings. 

The dinitrile was hydrolyzed to the corresponding diacid (I) in almost 
theoretical yield by alkaline hydrolysis in the presence of glycol. Ethanol, 
propanol, or glycerol can also be used, the time of the reaction depending on 
the boiling point of the alcoholic component. 

Some attempts were made to synthesize the diacid (1) or its esters by a one 
stage process from benzoic acid or methyl benzoate using ethylidene chloride, 
ethylidene diacetate, or acetaldehyde in presence of sulphuric acid, aluminum 
chloride, fluosulphonic acid, hydrogen fluoride, or the fluosulphonic acid — 
hydrogen fluoride mixture. Also condensations of acetylene in presence of 
aluminum chloride or mercuric chloride were tried, but no reaction took place 
under any of these conditions. 

The dimethyl ester of the diacid (I) was best prepared by converting the 
diacid to its dichloride with thionyl chloride and treating the dichloride with 
methanol. The di-2-ethylhexyl ester was prepared directly from the diacid 
and 2-ethylhexanol in presence of sulphuric acid and of xylene as an azeotropic 
component. 

EXPERIMENTAL*ft 
1,1-D1-(p-chlorophenyl)ethane 

Chlorobenzene (1410 gm.) was charged to a stainless steel reaction vessel 
and cooled to 0°. Under vigorous stirring 1000 gm. of liquid hydrogen fluoride 
were first added, followed by 1675 gm. of freshly redistilled fluosulphonic acid, 
and then a mixture of ethylidene diacetate (490 gm.) and of chlorobenzene 
(770 gm.) was introduced dropwise over a period of 40 min. while the tempera- 


* All melting points are uncorrected. 
t The microanalyses were performed by Dr. Robert Dietrich of Zurich, Switzerland. 
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ture rose slowly from 0° to 20°. The temperature was maintained at about 
10° while the reaction mixture was agitated for another 30 min. It was then 
poured into 6 liters of ice water, the organic layer separated after the addition 
of some ether, and then washed with dilute caustic and water. After removal of 
the solvent the residue was fractionally distilled, yielding recovered chloro- 
benzene (1650 gm.) and 1,1-di-(chlorophenyl)ethane (603 gm.; 71.5% yield 
based on ethylidene diacetate) as a pale yellow oil, boiling point 138-142° at 
1.0 mm.; refractive index, 27} 1.5920. The major portion of the product 
crystallized on standing a few hours at room temperature. The supernatant 
liquor was decanted and the solid crystallized from methanol yielding 1,1-di- 
(p-chlorophenyl)ethane (375 gm.; 56.8% over-all yield) as colorless prisms 
melting at 53-55° (Grummit et al. (3) give m.p. 54-55°). 
1,1-Di-(p-cyanophenyl) ethane 

A mixture of 1,l-di-(p-chlorophenyl)ethane (475 gm.), cuprous cyanide 
(415 gm.; dried before use for 36 hr. at 110°), and anhydrous quinoline (1200 
ml.; distilled over potassium hydroxide) was refluxed for 70 hr., then poured 
while still hot into a solution of ammonium hydroxide (1800 ml.; d. = 0.88) 
and water (1800 ml.). Benzene (1600 ml.) was added, the mixture allowed to 
cool to room temperature, and then ether (1000 ml.) was added. A brown solid 
separated which was removed by filtration. The organic layer was washed with 
dilute ammonia solution (4 X 1200 ml.), with a hydrochloric acid solution 
(2 N; 2 X 1200 ml.; a precipitate which separated at this stage was removed 
by filtration), then with water (2 X 1200 ml.) and finally with saturated brine 
(2 X 1200 ml.). The solution was dried over anhydrous copper sulphate and 
the solvent removed by distillation yielding the crude dinitrile (312 gm.; 
71% yield). Crystallization from ethanol gave 1,1-di-(p-cyanophenyl)ethane 
(249 gm.) as colorless prisms which had a melting point of 112-118°C. After 
one more crystallization, the melting point was increased to 120—122.5°. 
Calc. for CigHi2Ne2: C, 82.75; H, 5.2; N, 12.05. Found: C, 82.65; H, 5.05; 
N, 12.3. 
1,1-D1-(p-carboxyphenyl) ethane 

A mixture of 1,1-di-(p-cyanophenyl)ethane (216 gm.), sodium hydroxide 
(120 gm.), ethylene glycol (1200 ml.), and water (240 ml.) was refluxed for 
10 hr. by which time evolution of ammonia ceased. After it was cooled to room 
temperature, the solution was separated from a small amount of solidified 
oily material, diluted with ice water, and acidified with dilute hydrochloric 
acid under vigorous stirring. The resulting precipitate was filtered under 
suction, washed several times with water, and brought to a consistency of a 
cake by applying suction for several hours. The latter was dried either in an 
oven at 110° or by azeotropic distillation with benzene or xylene. In this way 
1,1-di-(p-carboxyphenyl)ethane (239 gm.; 95.1% yield) was obtained in 
microcrystals, which meited at 265-278°, and then, on crystallization from 
ethyl acetate, at 273-278°. Calc. for CigHywO,y: C, 71.1; H, 5.2. Found: C, 
71.7; H, 8.2. 
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1,1-Di-(p-carboxyphenyl)ethane Dimethyl Ester 

Thiony] chloride (150 ml.) was added slowly to the diacid (150 gm.) causing 
heat evolution and progressive dissolution of the solid. The mixture was 
refluxed for one hour, then the excess of thionyl chloride removed under 
reduced pressure. To the residue methanol (150 ml.) was slowly added and then 
the mixture refluxed for a period of one hour and the excess methanol distilled 
off. The residue was taken up in ether, washed twice with sodium carbonate 
solution and then with water, and finally dried over anhydrous magnesium 
carbonate. Evaporation of the solvent left 1,1-di-(p-carbomethoxypheny]l)- 
ethane (156.9 gm.; yield 94.3%) which crystallized on standing. Recrystalliza- 
tion from cyclohexane—ether mixture or from ether gave colorless plates which 
melted at 56.5—-58.2°. Calc. for CigsHisO4: C, 72.5; H, 6.1. Found: C, 72.35; 
H, 5.95. 
1,1-Di-(p-carboxyphenyl) ethane Di-(2'-ethyl) hexyl Ester 

A mixture of 1,1-di-(p-carboxyphenyl)ethane (355.4 gm.), 2-ethylhexanol 
(2000 ml.), concentrated sulphuric acid (55 gm.), and dry xylene (500 ml.) 
was refluxed for 100 hr. while water was separated in a Dean and Stark trap. 
The resulting solution was then washed with sodium carbonate solution and 
the excess of xylene and alcohol was distilled. Fractionation of the residue 
under reduced pressure gave 1,1-di-(p-carboxyphenyl)ethane di-(2’-ethyl)- 
hexyl ester (496.0 gm.; yield 76%) which boiled at 220° at 0.05 mm.; refractive 
index, m?° 1.5252. Calc. for C32H4Oq: C, 77.7; H, 9.4. Found: C, 77.45; H, 9.05. 
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CROSS-LINKING OF COPOLYMERS FROM METHYL VINYL 
KETONE AND n-BUTYL ACRYLATE! 


By W. Cooper AND E. CATTERALL 


ABSTRACT 


Copolymers of n-butyl acrylate and methyl vinyl ketone can be cross-linked 
by a combination of sulphur and zinc oxide; the reaction is associated with the 
methyl vinyl ketone units in the polymer chain. From studies on the copolymers 
and model compounds, it is suggested that adjacent pairs or groups of methyl 
vinyl ketone units in the polymer cyclize to give a8 unsaturated ketone groups. 
These contain reactive hydrogen which is attacked by sulphur; disulphide or 
zinc mercaptide cross-links are then formed. Water is produced in the cyclization 
reaction and hydrolyzes some of the ester groups; additional cross-links are thus 
formed by reaction of the acid groups with zinc oxide. The ease of cyclization and, 
therefore, the extent of cross-linking is dependent on the method of preparing the 
copolymers, emulsion copolymers being much more reactive than those prepared 
in solution. A comparison has been made between the sulphur + zinc oxide 
system and other cross-linking agents which may be used for polyacrylates. 


INTRODUCTION 


The elastomeric polymers and copolymers of acrylic esters are of growing 
importance and have attracted much attention in recent years. Some of the 
lower polyalkyl acrylates are attractive rubbers of reasonable strength with 
good resistance to heat and oils. Polymers containing high proportions of 
n-butyl acrylate possess in addition good resistance to freezing and high 
resilience. They are, however, usually difficult to process and give products 
of low strength. Efforts to improve these features have been made by copoly- 
merization with a more polar type of monomer, such as acrylonitrile, methyl 
isopropenyl ketone, and methyl vinyl ketone, though with some sacrifice of 
other desirable properties. 

The copolymers of n-butyl acrylate with methyl vinyl ketone are of some 
interest in that they can be cross-linked by means of sulphur + zinc oxide in 
addition to the more usual cross-linking agents (11) (such as lead oxide, calcium 
hydroxide, or polyamines), and give products of good strength when reinforced 
by means of carbon black or finely divided silica (4). 

A preliminary study of the reactions involved indicated that they were 
rather complex and this paper describes the attempts made to elucidate those 
of greater importance and, as a practical measure, to compare the sulphur + 
zinc oxide vulcanizates with those prepared with other cross-linking agents. 


DISCUSSION 
Polymer 
Methyl vinyl ketone and n-butyl acrylate copolymerize readily, the polymers 
containing a higher proportion of methyl vinyl ketone than in the initial 
monomer. Determination of the composition of low conversion copolymers for 
‘Manuscript received October 24, 1956. 
Contribution from the Chemical Research Division, Dunlop Research Centre, Birmingham, 


England. This paper was read at the Sixth Canadian High Polymer Forum at St. Catharines, 
Ontario, April 14th, 1956. 
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monomer reactivity ratios proved to be difficult (see Appendix for details), 
and a completely satisfactory method has not been found. Reasonable agree- 
ment was found, however, between several methods of analysis, and values of 
r, = 1.640.1 and re = 0.65+0.07 were obtained (MVK is monomer 1). 
The data are shown in the polymer composition curve (Fig. 1). 

Integral and differential copolymer distribution diagrams (13) (Figs. 2a (i) 
and (ii) and 26 (i) and (ii)) show that, up to about 50% conversion, copolymers 
made with 20-35% by weight of methy] vinyl ketone (i.e. 30-50 mole %) have 
only a narrow distribution of polymer compositions. The copolymers were 
made by solution polymerization and in emulsion. Solution polymers were 
prepared in benzene solution at 70° using 0.5% benzoyl peroxide as catalyst 
and isolated by pouring into petroleum ether, or aqueous alcohol mixtures. 
They were normally of relatively low molecular weight ([n] = 0.2-0.3) and 
completely soluble in organic solvents. The emulsion copolymers were made 
at 50° using potassium persulphate (1% on monomers) as initiator. For copoly- 
mers of low methyl vinyl ketone content, the sodium salt of sulphated methyl 
oleate (4.2%) was used as the emulsifier, while for high ketone contents 
sodium lauryl sulphate (4%) was more suitable. The emulsion copolymers were 
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always gelled to a greater or lesser extent. This gel was broken down readily 
on milling, and, as with other acrylates (6), there was a steady fall in molecular 
weight with mastication (Fig. 3). 
Cross-Linking Agents for Acrylate Copolymers 

A variety of reagents have been used for cross-linking acrylate copolymers. 
Most of them attack the ester portions of the molecule and thus apply to all 
types, but some (e.g. hexamethylene tetramine (HMT) for copolymers with 
alkyl vinyl ketones) are more specific in their action. The more important 
substances used include the following: 

(a) Basic oxides and hydroxides (e.g. lead oxide and calcium hydroxide) 
which form salt bridges between different chains (i). It has been suggested 


{—C(O)OMOC(O)—} {—CO—}—COOR 
(i) (ii) 

that strong bases from monovalent metals (e.g. KOH) may form cross-links 
by an acetoacetic ester type condensation (ii) (12). This has not been proved, 
however, and will be discussed later. 

(6) Polyamines.—These presumably form amide bridges between the 
polymer chains (iii). Substances such as tetraethylenepentamine (TEP) and 
triethyl trimethylene triamine (Trimene Base) are the most commonly used. 


{—CONH—R—NHCO—} R= [(CH2)2NH(CHs)2]n 
(iii) etc. 


(c) Peroxides—Peroxides are used occasionally to effect cross-linking of 
polyacrylates. Abstraction of hydrogen atoms (probably skeietal hydrogen 
atoms adjacent to the carbonyl group) followed by dimerization of the radicals 
so formed is probably their mode of action. They are generally not very useful 
materials and tend to cause blowing. 

(d) Sulphur + zinc oxide——Pure polyacrylates will not cross-link with 
these reagents. The possession of halogen atoms, by incorporation, for example, 
of chloroethyl vinyl ether, or the presence of ketone groups renders them 
effective. This reaction is discussed in detail below. 

(e) Miscellaneous compounds.—These include, for ketone copolymers, hy- 
drazine (used as its organic salts in the presence of a base) which forms inter- 
molecular azines (iv), hexamethylene tetramine + organic acids or para- 
formaldehyde which form interchain methylene bridges (v), trinitrobenzene + 
zinc oxide, and quinone dioxime + lead oxide. The mechanism by which the 
latter compounds react is not known. 


—C=N—N=C— 
| | CH;CO— {—CH.—}—COCH; 
CH; CH; 
(iv) (v) 


Cross-linking by Sulphur + Zinc Oxide 


Examination of vulcanizates from n-butyl acrylate and MVK quickly leads 
to the conclusion that rapid reaction occurs with sulphur and that concomitant 
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reactions associated with the polymer structure also occur. These latter 
reactions manifest themselves in greatly reduced heat-aging resistance of the 
copolymers. It is convenient, therefore, to discuss first the changes which occur 
on heating the copolymers alone. 

(t) Cyclization of MVK Polymers 

A feature of all compounded emulsion copolymers examined was a continu- 
ous and relatively large weight loss when heated above 100° C., accompanied 
by reduced swelling in a solvent such as benzene. This seemed to be in accord- 
ance with the view that the weight loss resulted from intermolecular con- 
densation with consequent cross-linking and reduced swelling volume, until 
it was observed that weight loss — swelling volume measurements did not agree 
with estimates of ctoss-linking as judged from physical tests on cured slabs. 
This became further apparent when it was found that the pure gum copolymers 
themselves gave comparable weight loss and swelling volume curves but gave 
no sign of possessing a truly vulcanized structure. Furthermore, soluble 
copolymers (prepared by bulk or solution polymerization) when heated in the 
absence of air also lost weight. They became hard and resinous but, since they 
were completely soluble in methyl ethyl ketone and were thermoplastic, they 
were-not cross-linked. 

As a result of these observations, experiments were made on a solution 
copolymer containing 50-60% of MVK. (Initial monomer composition equi- 
molar; for copolymer distribution curve see Fig. 2a.) On heating for 93 hr. at 
160° C. in a sealed evacuated vessel, 5.1% of butanol and 4.0% of water were 
liberated. The polymer was transformed from a soft rubber to a hard resin, 
had a deep red-brown color, and was soluble in chloroform or methyl ethyl 
ketone. Titration showed the presence of 3.2% acid groups (calculated as 
acrylic acid). 

Marvel and Levesque (10) studied the change in polymethyl! vinyl ketone 
when heated at 270-360° C., and deduced the formation of polycyclic structures 
of the type (vi). 


YOY 
07 SS Aca, Fy 
(vi) (vii) 

Infrared spectroscopic examination of the heated copolymer showed changes 
which were quite consistent with this type of structure (Fig. 4). Reduction of 
the intensities of the normal ketone absorption frequency and other associated 
bands was accompanied by new frequencies characteristic of a8 unsaturated 
ketones; the ester carbonyl group remained essentially unchanged. It is clear 
therefore that reactions of the type described by Marvel occur quite rapidly 
at temperatures as low as 140°-160° C.2 Calculation of the extent of this 
reaction by use of Wall’s statistical theory for the isolation of carbonyl 
groups (15) in the copolymer shows that 6.1% of water would be eliminated; 


*The ultraviolet spectra of the copolymers were rather featureless, but an appreciable increase 
in absorption intensity, particularly at higher frequencies, occurred after only 80 min. at 140° C. 
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about*two thirds of the residual carbonyl groups would be conjugated with 
ethylenic bonds. On the assumption that the monomer units were randomly 
distributed in the copolymer the experimental data show the reaction to have 
gone to about 80-85% completion.’ This estimate is in agreement with the 
intensity changes of bands in the infrared spectrum of the copolymer corre- 
sponding to carbonyl and methyl groups. 


8The 11, 12 product for this system is not greatly different from unity; it follows that errors brought 
about by this assumption will not be great. 
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This condensation proceeds very slowly at temperatures below 100° C., but 
it has been found that polymethyl vinyl ketone and its copolymers rapidly 
give polyunsaturated ketones at room temperature on treatment with alkali. 
(Polymethyl vinyl ketone is transformed in a few seconds from a tough 
thermoplastic resin softening at about 50° C. to a hard brittle resin softening 
at 260-270° C. (5).) Under these conditions not a great deal of multiple ring 
closure occurs and mono-ring structures predominate (vii) (the infrared 
spectrum of the alkali cyclized polymer is shown in Fig. 5) and, as insoluble 
polymers are easily obtained, it is possible for some intermolecular conden- 
sation also to occur. It is obvious then that polymers containing methyl vinyl 
ketone can undergo rapid condensation reactions at room temperature in the 
presence of alkalies, or alone at vulcanization or heat aging temperatures. A 
further consequence of the cyclization reaction is the formation of carboxyl 
groups by hydrolysis of ester groups. In the presence of metallic oxides or 
hydroxides, this will result in many cross-links being formed. 

The combined effect of these reactions undoubtedly results in continued 
cross-linking on heating and thus poor heat aging resistance. Confirmation of 
these views is found in the large amount of butanol liberated on heating a 
copolymer with lead oxide compared with that from pure poly n-butyl acrylate 
under the same conditions (Table I). 











TABLE I 
% Swelling volume 
Polymer* % Butanol % Water in benzene 
100% Butyl acrylate 1.27 0.08 1050 
70 BA/30 MVK 7.44 0.66 150 





*Heated at 140° C. in vacuo for 10 hr. 


(1) Reaction of Sulphur with Acrylate-MVK Copolymers 


Hydrogen sulphide is evolved when a polymer containing methyl vinyl 
ketone is heated with sulphur, and some sulphur becomes combined with the 
polymer. Zinc oxide when present reacts with the hydrogen sulphide to give 
zinc sulphide. The amounts of sulphur combined and that liberated as hydrogen 
sulphide have been determined and the results are shown in Table II. It was 
found that approximately twice the amount of sulphur remained combined 

















TABLE II 
e “ton % Eliminated % Sulphur 
uring % Swelling* 

Polymer system ” volume Com- 
H.O0 n-BuOH Init. HS bined Free 
100 BAT 2% S, 10% ZnO Dissolved 0.01 0.35 200 — — _ 2.00 
70 BA/30 MVK 2% S, 10% ZnO 760 1.08 1.28 1.98 0.57 0.87¢ Neg. 
%S 2210 0.71 0.45 3.97 0.44 0.94f 2.40 

*Benzene. 


{BA = n-butyl acrylate. 
tSome sulphur was also present in odorous low molecular weight material extractable by benzene. 
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with the copolymer compared with that liberated as hydrogen sulphide, and 
that the reaction was substantially complete in about one hour; little hydrogen 
sulphide was liberated after this period. 

As would be expected the amount of hydrogen sulphide evolved depended 
on the amount of MVK in the copolymer. This was determined for a number 
of high and low conversion copolymers and the results are summarized in 
Fig. 6. 
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Two features are at once apparent, firstly that emulsion copolymers liberate 
much more hydrogen sulphide than those prepared in solution, and secondly 
that there is a maximum in the curve relating the amount of hydrogen sulphide 
liberated to the MVK content of the copolymer. With regard to the differences 
between emulsion and solution copolymers, it seemed possible that these may 
have arisen because of the different methods employed in incorporating the 
sulphur into the copolymers; in the case of emulsion polymers it was mixed 
on the mill while with solution polymers sulphur and polymer were dissolved in 
benzene and the solvent removed under vacuum. To test this point two 50/50 
w/w copolymers were made, one in emulsion, the other in solution; both were 
taken to about 60% conversion. Sulphur (4%) was incorporated into both by 
milling and by use of a solvent. The hydrogen sulphide liberated on heating 
is given in Table III, together with the yields of volatiles liberated on heating 
the polymers alone at 150° C. It is apparent that a more intimate mixture of 
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TABLE III 
% S liberated as H.S* Volatiles liberated on heatingt 
Copolymer 
(a) Milled (6) In solution % H20 % Butanol 
Emulsion 0.21 0.54 2.5 0.7 
Solution 0.02 0.04 ca. 0.05 ca. 0.05 





*Heating at 150° C. for three hours. 
tAt 150° C. for eight hours. 


polymer and sulphur is obtained by the solution technique and that under 
both conditions the emulsion copolymer liberates much more hydrogen sul- 
phide. This is accompanied by the ready loss of water, undoubtedly from 
cyclization, on heating. (Evidence to support the view that cyclization to give 
an a8 unsaturated ketone is a prerequisite for attack by sulphur is presented 
below.) The reason for the susceptibility of emulsion copolymers to this re- 
action is not fully understood since spectroscopic examination of the unheated 
emulsion copolymer shows no evidence of prior cyclization. It follows that 
either the emulsion copolymers have different compositions (MVK is a water 
miscible monomer) or traces of reagents from the emulsion system accelerate 
the cyclization. The latter is the more probable, as no evidence of heterogeneity 
was observed on fractionating an emulsion copolymer from the latex. Further- 
more the refractive indices of emulsion copolymers containing 70% or more of 
butyl acrylate were the same as those of the corresponding solution copolymers. 
Mixtures of the two homopolymers were not homogeneous and gave refractive 
index values substantially the same as polybutyl acrylate, irrespective of 
composition. 

The explanation for the maxima in the curves relating the hydrogen sulphide 
liberated vs. polymer composition is even less obvious. The most probable 
cause is a reduction in solubility of sulphur in the higher ketone copolymers, 
particularly after some cyclization has occurred. It is also possible that a change 
occurs in the ratio of sulphur eliminated as hydrogen sulphide to that which 
combines with polymer. 

That the attack of sulphur on the copolymers is a free radical reaction is 
shown by the fact that the rate of liberation of hydrogen sulphide is increased 
by the addition of the conventional rubber accelerators (MBT, TMD) as 
shown in Fig. 8. A study of the change in modulus of the polymer with heating 
time (Fig. 7) shows clearly the influence of accelerator on the rate of cure. 

In these systems zinc oxide has the effect of taking up hydrogen sulphide, 
which causes blowing and some reversion by reducing disulphide cross-links, 
reacts with acid groups formed by hydrolysis of the ester (separate experiments 
on the pure polyacrylates showed zinc oxide alone to have a negligible cross- 
linking effect), and forms mercaptide cross-links by the reaction with thiol 
groups along the polymer chain. 

The above experiments show conclusively that sulphur reacts with MVK 
polymers and copolymers, and that cyclization with loss of water also occurs. 
The latter can be a major reaction and its effect, particularly in the presence 
of metallic oxides, can completely mask the influence of the sulphur. 
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(tit) Mechanism of Sulphur—Copolymer Reaction 

In order to decide the nature of the reaction a number of model compounds 
were heated with sulphur at 150°C. and the hydrogen sulphide evolution 
observed. The results are summarized in Table IV and show that the reaction 
of sulphur with ketones is not a general reaction. Stable aliphatic ketones do 
not react at the temperatures used in vulcanization of the copolymers, and it 
is interesting to note that those saturated ketones which do react possess two 
carbonyl groups in close proximity (e.g. acetyl acetone, dimethyl dihydro- 
resorcinol), or can undergo condensation to give an unsaturated ketone. Thus 
cyclohexanone gives 2-(cyclohex-l’-enyl) cyclohexanone, 1,3-diacetyl diethyl 
glutarate can give 4,6-dicarboethoxy-3-methyl cyclohex-2-enone (viii), and, 
as already discussed, polymethyl vinyl ketone gives a cyclized polymer (v) 
on heating. 


EtOOC y COOEt 
VY 
| 
o% 4 \cu, 

(viii) 
It appears that not all unsaturated ketones liberate hydrogen sulphide 
under these conditions, as shown by the cases of mesityl oxide and its higher 
homologue 5-methyl-4-hexen-3-one, which differ from the other unsaturated 


ketones examined in that they do not possess a secondary or tertiary hydrogen 
atom adjacent to the double bond. It follows from the behavior of 5-methyl-4- 





ERE TRITON 














F 








COOPER AND CATTERALL: CROSS-LINKING OF COPOLYMERS 397 
TABLE IV* 











Hydrogen sulphide not liberated Hydrogen sulphide liberated 
CH;COCH; CH;COCH:2COCH; ++++ 
O 
7 CH 
CH;COCH(CHs)2 ? 
_/ \CHs bliin 
CH;COCH2CH(CHs): J 
CH;CO(CH2)2COCH; _ 
CH;COCH(CHs)CH:2CHs 
CH;CO(CH2)s;COOC,H» (CH;COCH (COOEt))2CHe 
% 
CH;COCH=C(CHs)2 ff", 4 
CH;CH:COCH=—C(CHs)2 —CH—CH.—CH— 
ee 


| | 
COCH; COCH; 


a: |< > +++ 


Wj 
CH; 
cH, deli 
Oe < >-ch 
of oF 





*The ketones were heated at 150° C. for periods of 10-20 hr. In the case of those which: liberated 
H2S the speed of reaction is indicated by the + signs. 


hexen-3-one, as with the saturated ketones, that the possession of a secondary 
hydrogen atom adjacent to the carbonyl group does not lead to the formation 
of hydrogen sulphide (unless of course it is instantly removed by rapid addition 
to the double bond—an unlikely possibility‘). 


‘Hydrogen sulphide reacts readily with aB unsaturated ketones. Benzal acetone for example 
gives (xt) (2), and a comparable reaction with cyclized MVK would form (xit). This type of 


Oo oO 
ee } V4 & 
(xi) S (xii) wy 
| S 
Ph—CHCH;COCHs | a 
CHs CHs 
reaction seems sterically improbable however, in view of the ring structure elements and, of course, 
the ready evolution of hydrogen sulphide in the reaction is evidence against it. 
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It seems therefore that the following structure grouping is necessary, ab- 


—C—CH=C—CH 


straction of hydrogen by sulphur occurring at the point marked by an asterisk. 

The behavior of 2(cyclohex-1’-enyl) cyclohexanone is apparently anomalous, 
but it must be remembered that in this case the By system is more than usually 
reactive.” This compound when heated with sulphur forms 1,2,3,4,6,7,8,9- 
octahydrodibenzothiophen (ix), in good yield (3). The formation of this com- 
pound, however, is not directly relevant to the reaction in question. It can be 


a i ff, 
Ve OFX 
(ix) (x) 


obtained directly from 2(cyclohex-1’-enyl) cyclohexanone (3) by addition of 
sulphur and loss of water, without any necessity of explaining the ready forma- 
tion of hydrogen sulphide. A possible intermediate in the formation of (ix) 
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5This is apparent from its formation from cyclohexanone on heating instead of 2-cyclohexylidene 
cyclohexanone. 
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would be the thiol (x). Hydrogen sulphide, on the other hand, would be 
liberated after attack on the hydrogen atoms alpha to the double bond (posi- 
tions 2’, 6’, or 1) giving complex sulphides (7). It is probable that such re- 
actions may also occur since hydrogen sulphide is evolved continuously on 
heating (see Fig. 9) but in smaller amounts than from cyclohexanone. 

The following mechanism, which is supported by the above evidence, is 
that, initially, cyclization occurs between adjacent pairs or groups of MVK 
units. 


CHe CHe 
co”, 
—CH,—CH CH—CH.— ee CH—CH.— 
co CoO —_——_——> O=C , 
| how Ns 
CHs CH; CH CHs 


The unsaturated structures are attacked by sulphur to give structure 
elements (xiii). 
SH 
CHe | 
ra 
— a 
O=C c 
‘7 
CH CH3; 
(xiii) 


Oxidation of some of the thiol groups by sulphur could then occur with 
the formation of disulphide bridges and the liberation of hydrogen sulphide 
(xiv), while others would react with zinc oxide to form mercaptide cross-links 
(xv). 

2RSH +S —RS°SR +H,S (xiv) 
2RSH + ZnO— RSZnSR + H.20 (xv) 


It is possible that this latter reaction is of some consequence in view of the 
necessity of using a combination of the zinc oxide and sulphur, which sepa- 
rately possess only weak cross-linking action under normal cure times and 
temperatures. The influence of the accelerator is presumably activation of the 
sulphur by opening the Sx ring (8). The fact that, ultimately, vulcanizates of 
comparable state are obtained with or without accelerator, and that there is 
then no free sulphur available, supports this view. 

It may be concluded that the effect of the ketone monomer is only to provide, 
by condensation, unsaturated groups which can then react with sulphur. 


(iv) Other Reactions 


Semegen and Wakelin (12) in a study of the cross-linking of polyethyl 
acrylate suggest an acetoacetic ester mechanism for the reaction. The con- 
ditions they used, high temperatures (300° C.) and the presence of strong 
bases, are not comparable with those used in this work and it must be noted 
that alcohol is produced by thermal cracking of polyacrylates themselves. 
(The depolymerization of thermally unstable methacrylates cannot be re- 
garded as supporting their theory.) It should be pointed out, however, that 
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as yet no alternative mechanism has been suggested for the cross-linking of 
polyacrylates by bases such as potassium hydroxide. 

In view of this it is therefore desirable to consider the possibility of a reaction 
of the following type (xvi) occurring. 


CH: CHe 
a - ™, 
—CH CH— —CH CH— 
| | —_—> | | + BuOH 
CH;CO COOBu CO CO 
ag 
CH, 


(xvi) 


The model compound n-butyl 5-ketohexoate was synthesized. Heating it 
alone or with sulphur at 150° C. produced no significant change, from which 
it may be inferred that there is no enhanced reactivity in the copolymer be- 
tween adjacent MVK-acrylate units. On the other hand, heating with lead 
oxide at this temperature gave a fairly rapid reaction with liberation of butanol 
and the formation of a sticky solid soluble in chloroform, which proved to be 
mainly the lead salt of 5-ketohexoic acid. No evidence was found for dimethyl 
dihydroresorcinol, and it must be concluded that this reaction does not take 
place at vulcanization temperatures. A point of interest was the speed of 
hydrolysis by lead oxide. 
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Comparison with Other Cross-linking Systems 


It was thought desirable to compare the effect of the sulphur + zinc oxide 
system with some of the other compounds which may be used to cross-link 
polyacrylates. 

Compounded samples were heated for various times and subsequently ex- 
tended under constant initial load per unit area, and the elongation (instan- 
taneous and after various periods of time) measured. A full program, varying 
the conditions of cure and using a combination of several curing agents, would 
be necessary to obtain the optimum properties in the vulcanizates. However, 
the results obtained show the general order of activity of the reagents used 
(Figs. 10 and 11). 

It was found that calcium hydroxide and lead dioxide + quinone dioxime 
gave the fastest cures, but that the sulphur + zinc oxide combination gave 
the best formed vulcanizates. The latter were comparable to those obtained 
using polyamines, but had a lesser tendency to reversion on heating. Para- 
formaldehyde and HMT gave very rapid cures, the polymers not then altering 
on further heating. Paraformaldehyde gave highly blown products and is thus 
of little value, but HMT would appear to be suitable as a fugitive curing agent. 
In the case of most of the other systems, particularly those containing lead 
oxides, the hardening on heating is progressive, as shown by the data in 
Table V. i 

















TABLE V 
Elongation, % 
System 
1 hr. 7 hr. 
(at 150° C.) 

Accelerated S, ZnO 450 310 
Pb;04 400 200 
PbO: + QD 175 45 
PbO 200 35 
Ca(OH): 80 —_ 

MT 85* 65 
TEP 350T 400t 
* 3 hr. 
$13 Ar. 

CONCLUSIONS 


The effect of methyl vinyl ketone in promoting the cross-linking of its 
copolymers with n-butyl acrylate by alkaline reagents or by sulphur + zinc 
oxide appears to depend initially on the cyclization of adjacent ketone monomer 
units. These furnish water which, particularly in the presence of metallic 
oxides, enables hydrolysis to occur and thus form a three-dimensional network 
with metal salt bridges. In the presence of sulphur, attack occurs on the un- 
saturated ketone formed by the cyclization reaction with the formation of 
disulphide cross-linkages and zinc mercaptide cross-links. Zinc oxide also takes 
up the hydrogen sulphide formed in the reaction but has in itself only a weak 
cross-linking action. There is no evidence to support the view that direct 
attack occurs on the skeletal hydrogen atom adjacent to the carbonyl group. 
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No reaction occurs between sulphur and the ester part of the molecule, and 
nothing to suggest acetoacetic ester condensation reaction has been observed. 
Emulsion copolymers have been found to be much more readily cyclized than 
copolymers prepared in solution, probably because of the presence of traces of 
alkali. This influences both the ease with which they are cross-linked and the 
aging resistance of the copolymers. 


. APPENDIX 
Analysis of MV K—-Acrylate Copolymers 

As stated in the text the satisfactory analysis of these copolymers proved 
to be a task of some difficulty. Several methods were tried with the following 
results: 

1. Hydrolysis—A solution of the copolymer in dioxan, aqueous alcohol, or 
dioxan—benzene gave homogeneous solutions with alcoholic potash in the 
cold. On heating, the polymer was wholly precipitated from solution (even 
when containing as little as 5-10% of combined ketone). Before heating, 
hydrolysis was clearly incomplete, whereas on boiling, the skin of polymer 
formed caused the results to be poorly reproducible. It was established that no 
alkali was associated with the insolubilized polymer, and, in fact, many of the 
results (consistent between themselves) gave high values for the acrylate 
content. It is possible that under the influence of the alkali a variable amount 
of oxidation to carboxylic acid occurred, and in some cases lower acrylate 
contents were found using a nitrogen atmosphere. Attempts to carry out the 
hydrolysis in sealed containers or pressure vessels at 100-120° C. gave less 
reproducible results and dark-brown precipitates of polymer were formed. 
The results obtained were broadly in agreement with those obtained by other 
methods, but the lack of reproducibility obtained at present between repeat 
determinations on the same polymer makes the method unreliable. 

2. Infrared spectroscopy.—Films cast from chloroform on to rock salts show 
overlapping of the carbonyl frequencies (1720 and 1740 cm.—') but here and 
with the 1440-1460 cm.—!, 1400 cm.—!, and 1070-1120 cm.—! bands, it was 
possible to carry out a determination of the ester contents with an accuracy 
of +5%. 

3. Refractive index measurements.—In this method the basic assumption is 
that there is a linear relationship between refractive index and copolymer 
composition. It is possible that the relationship is curved but this cannot be 
verified until an absolute method has been obtained for determining the 
polymer composition. In fact, a priori, if Newton’s law for the refractive index 
of mixtures holds, a linear relationship between molar composition and re- 
fractive index would be expected. A linear relationship between refractive 
index and weight composition has, of ccurse, been found for butadiene—styrene 
copolymers (9), and, as it is reasonable to assume that there would be no inter- 
action between adjacent ketone and ester groups, the deviation from linearity 
for the MVK copolymers should be small. Further evidence that refractive 
index measurements are satisfactory for copolymer analysis comes from the 
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fact that copolymers of ethyl vinyl ketone and methyl isopropenyl] ketone, 
which can be analyzed accurately by oximation, give linear composition — re- 
fractive index changes (1). Refractive indices were measured on a series of 
low conversion (ca. 10%) copolymers. The polymerizations were carried out 
at 70° C. using a 50% solution of monomers in benzene and 0.25% benzoyl 
peroxide as initiator. Films were cast on glass plates and, after being thoroughly 
dried (at 10-* mm. at 60-70° C.), were pressed directly on the upper prism 
of an Abbé refractometer. Those polymers containing 60% or more of MVK 
were warmed in order to obtain optical contact with the prism. Measurements 
were carried out at 25° C. using white light. Typical results obtained are 
shown in the following table. The accuracy of measurement was about 
2 X 10~* unit for the higher acrylate content polymer, and 5 X 10-4 unit 
for those of high ketone content. The values for the two pure polymers 
were obtained from a number of measurements carried out on polymers 
prepared in bulk, in emulsion, and in solution. In the examination of several 











TABLE 
Mole fr. Mole fr. 
Sample MVK N25 An X 104 MVK 
(monomer) (polymer) 
1 1.000 1.5025 370 1.00 
2 0.875 1.4981 326 0.93 
3. 0.725 1.4915 260 0.81 
+ 0.630 1.4875 220 0.73 
5 0.535 1.4832 176 0.62 
6 0.310 1.4750 95 0.39 
7 0.250 1.4738 83 0.35 
8 0.090 1.4679 24 0.11 (5) 
9 0 1.4655 0 0.00 





samples of polymethyl vinyl ketone it was observed that one, obtained from 
B.A.S.F. Germany, gave slightly yellow colored polymers possessing a higher 
refractive index than normal (25 1.5137). Attempts to prevent this discolora- 
tion by fractionation of the monomer were not successful, but it was observed 
that on keeping, a quantity of cross-linked ‘‘popcorn’’-like polymer formed 
throughout the commercial product. MVK recovered from the partly poly- 
merized mass then gave polymers of normal refractive index. The ultraviolet 
spectra of the colored polymers and copolymers showed them to possess con- 
siderably greater absorption over the range 250-400 my and no appreciable 
maximum (pure polymethyl vinyl ketone possesses a maximum at 280 my and 
negligible absorption above 330 my). The cause of the differences has not yet 
been elucidated but is most probably due to copolymerization of impurities 
possessing two or more double bonds; the impurities would be concentrated 
in the low conversion copolymers examined. 


Oximation 


Quantitative oximation by a modification of the method of Trozzolo and 
Lieber (14) has been found to give satisfactory results with polymethyl] iso- 
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propenyl ketone and polyethyl vinyl ketone, while polyethyl tsopropeny] 
ketone does not react at all. MVK copolymers react readily but the tendency 
for the solutions to darken renders the end point difficult to observe and 
electrometric titration was employed. The main disadvantage of the method 
is the danger that a small amount of hydrolysis or oxamidation of the ester 
groups may occur. (It has been established, however, that no such reactions 
occur with polybutyl acrylate (1).) 

Results obtained by the different methods on three copolymers are listed 
below. It can be seen that notwithstanding the scatter they are of the same 
order. 








% Butyl acrylate 








Polymer Hydrolysis Infrared Refractive index Oxime 
A 24 20 19 25 
B 28 25 22 — 
c 47 40 43 43 





Reaction of Copolymers with Sulphur 

A series of low conversion solution polymers and high conversion emulsion 
polymers were made with varying proportions of MVK. The polymers were 
carefully dried under vacuum and sulphur (4%) incorporated by milling or in 
solution. Samples (0.2-2.0 gm. depending on ketone content) were placed in 
a thermostat at 150° C. and a gentle stream of nitrogen passed through. The 
gases were passed through ammoniacal cadmium acetate for three hours. At 
the end of this period excess iodine was added and the sulphide determined 
volumetrically. 

Similar measurements on the simple ketones were made normally using a 
molar ratio of ketone to sulphur of 10:1. The greater amounts of hydrogen 
sulphide precluded the use of cadmium acetate as absorbent because of the 
formation of dense precipitates of sulphide, not readily soluble in iodine. It 
was found better to absorb the hydrogen sulphide in alkali and to estimate the 
sulphur gravimetrically after oxidation to sulphate. (Iodometric estimation 
of sulphide was not possible, since traces of ketone carried over by the gas 
stream reacted with iodine in alkaline solution.) In a typical experiment using 
0.155 gm. of sulphur in 5 ml. of cyclohexanone at 150° C. hydrogen sulphide 
was liberated steadily; in seven hours 25% of the sulphur was eliminated as 
hydrogen sulphide. At 130° C. and 100° C. the corresponding amounts were 
3.6% and 0.3% respectively. 


The authors thank Mr. W. H. T. Davison and Mr. C. E. Kendall for spectro- 
scopic examination of the copolymers and Miss R. K. Smith who carried out 
much of the analytical work. This paper is published by permission of the 
Dunlop Rubber Company Limited. 











RG IEIEEIEIE AT INTC 





e 











ETERS Ae Titan 





BPR P ay 


OOD 


ao 


COOPER AND CATTERALL: CROSS-LINKING OF COPOLYMERS 405 


REFERENCES 


. CATTERALL, E. Unpublished work. 
. CHALLENGER, F. Ind. Chemist, 4:315. 1928. 
. Cooper, W. J. Chem. Soc. 1386. 1955. 


Cooper, W., Brrp, T. B., and CATTERALL, E. Proc. 3rd Rubber Technol. Conf., London, 
Paper 38. 1954. 


. Cooper, W. and CATTERALL, E. Chemistry & Industry, 1514. 1954. 
. Dietz, T. J., Mast, W. C., DEAN, R. L., and FisHer, C. H. Ind. Eng. Chem. 38: 960. 


1946. 


. FARMER, E. H. and SHipLey, F. W. J. Polymer Sci. 1: 293. 1946. 
. Gordon, M. J. Polymer Sci. 7: 485. 1951. 
. Lewis, F. M., WALLING, C., CuMMINGs, W., Briccs, E. R., and WENtscH, W. J. J. Am. 


Chem. Soc. 70: 1527. 1948. 


. MARVEL, C. S. and LEvEsque, C. L. J. Am. Chem. Soc. 60: 280. 1938. 

. Mast, W. C., REHBERG, C. E., and FisHer, C. H. U.S. Patent No. 2,600,414. 1952. 
. SEMEGEN, S. T. and WAKELIN, J. H. Rubber Age (N.Y.), 71:57. 1952. 

. SKEtsT, I. J. Am. Chem. Soc. 68:1781. 1946. 

. TrozzoLo, A. M. and LieBEr, E. Anal. Chem. 22: 764. 1950. 

. Watt, F. T. J. Am. Chem. Soc. 64: 269. 1942. 








NOTES 





THE OCCURRENCE OF 4-O-METHYL-D-GLUCURONIC ACID IN LEMON GUM 


By G. G. S. DuTTon 


The natural occurrence of 4-O-methyl-p-glucuronic acid was first reported 
in 1948 when it was found to be a component of mesquite gum (5, 6) and it is 
now known to occur elsewhere (3). Lemon gum has been shown (1) to contain 
L-arabinose, D-galactose, and a methoxyuronic acid. While this work was in 
progress there have appeared two papers concerned with the isolation of 
aldobiouronic acids from the gum. The first (4) reported the isolation of an 
aldobiouronic acid whose structure was thought to be 4-O-(p-glucuronosyl)-p- 
galactopyranose (I) on the basis of methylation studies. However, since the 
aldobiouronic acid contained an appreciable methoxyl content it is likely 
that the acid isolated was 4-O-(4[?]-O-methyl-p-glucuronosy]l)-p-galacto- 
pyranose (II) which would give the same fragments as-I on methylation and 
cleavage. 

The second paper (2) reported the isolation from lemon gum of 4-0-(4-O- 
methyl-a-p-glucuronosyl)-L-arabinose. The nature of the uronic acid moiety 
was inferred from paper chromatographic analysis. The present work provides 
definite proof of the existence of 4-O-methyl-p-glucuronic acid in lemon 
gum. 

Prolonged hydrolysis of lemon gum with hot sulphuric acid (0.2 N) removed 
arabinose units and afforded a degraded gum. Methanolysis (8% HCl) of the 
degraded lemon gum yielded a mixture of methyl glycosides from which 
methyl (methyl 4-O-methyl-p-glucopyranosid)uronate was isolated (5, 6). 
When this ester was treated with methanolic ammonia there was obtained a 
mixture of the a- and 6-forms of methyl 4-O-methyl-p-glucopyranuronamide 
from which the a-form was readily obtained in a pure state by fractional 
crystallization. The amide of the a-anomer was characterized by comparison 
with an authentic specimen (5) and its identity further confirmed by conversion 
into 4-O-methyl-p-glucose from which the characteristic crystalline osazone 
was derived (5). 

A preliminary examination of methylated lemon gum has shown the poly- 
saccharide to have a highly branched structure in which the main chain is 
composed of p-galactose units. These results will be reported more fully at a 
later date. 


EXPERIMENTAL 
Lemon Gum 
The gum was received from the late Dr. E. Anderson as small dark brown 
lumps and was used without purification except for the removal of bark by 
filtration of an aqueous solution. A sample of the purified gum after electro- 
dialysis had [a]?’ +21° and equiv. wt., 785. 
406 
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Methyl (Methyl 4-O-Methyl-p-glucopyranosid) uronate 

Following the procedure of White (6) lemon gum (100 gm.) was hydrolyzed 
with sulphuric acid (0.2 N) and the degraded polysaccharide isolated by 
precipitation with ethanol after dialysis to remove arabinose and acid. The 
precipitated polysaccharide was refluxed with methanolic hydrogen chloride 
(8%), neutralized (Ag2COs), filtered, and the filtrate evaporated to a thick 
sirup. Extraction of the sirup with acetone and ether (6) and evaporation of 
the solvents yielded a viscous sirup which was distilled under high vacuum. 
There was thus obtained methyl (methyl 4-O-methyl-p-glucopyranosid)- 
uronate (2.4 gm.) as a viscous, slightly yellow oil, b.p. 165-185°C. (0.1 mm.). 
Anal. Calc. for C3H1607: MeO, 39.4%. Found: MeO, 37.2%. 


Methyl 4-O- Methyl-a-D-glucopyranuronamide 

Methyl (methyl 4-O-methyl-p-glucopyranosid)uronate (2.3 gm.) was 
dissolved in methanol (5 ml.), and methanol saturated with ammonia at 0°C. 
(25 ml.) added. After the solution was kept at 5°C. for 36 hr. evaporation of 
the solvent and excess ammonia yielded a white solid. 

The mixture of amides was recrystallized from methanol and yielded methyl 
4-O-methyl-a-p-glucopyranuronamide. The crystals were washed with a little 
cold ethanol which preferentially removed the more soluble 8-anomer. The 
amide had m.p. and mixed m.p. 236-237°C. and [a]? +147° (c, 0.8 in water) 
(5). Anal. Calc. for CsHisOg6N: C, 43.5; H, 6.9; N, 6.38%; equiv. wt., 224. 
Found: C, 43.4; H, 6.9; N, 6.9%; equiv. wt., 228. 


Methyl (Methyl 4-O- Methyl-a-D-glucopyranosid)uronate 

Following the procedure of Smith (5) the a-form of the amide (1.33 gm.) 
was hydrolyzed to the acid and esterified with diazomethane. Distillation 
yielded the ester as a viscous oil (1.0 gm.), b.p. 145-160°C. (0.05 mm.). Anal. 
Calc. for CgH 1607: MeO, 39.4%. Found: MeO, 39.2%. 


4-O- Methyl-p-glucose 

Methyl (methyl 4-O-methyl-a-p-glucopyranosid)uronate (220 mgm.) was 
dissolved in dry tetrahydrofuran (10 ml.) and slowly added with stirring to a 
solution of lithium aluminum hydride (500 mgm.) in dry tetrahydrofuran 
(25 ml.). After 15 min. at room temperature the excess hydride was destroyed 
by the addition of ethyl acetate and the inorganic salts precipitated by the 
addition of water. The mixture was filtered and the residue washed with ether. 
The combined ethereal solutions were evaporated to yield methyl 4-O-methyl- 
a-D-glucopyranoside as a colorless non-reducing sirup (110 mgm.) having 
[a]*3 +121° (c, 2.0 in water). Hydrolysis of the glycoside with sulphuric acid 
(5 ml., 1 N) on a steam bath for six hours (constant rotation) and removal of 
the acid by passage through a column of Duolite A4 resin gave on evaporation 
4-O-methyl-p-glucose (64 mgm.) as a colorless, reducing sirup having [a]? 
+82° (c, 1.3 in methanol). 

The 4-O-methyl-p-glucose (64 mgm.) was heated in water (2.5 ml.) containing 
acetic acid (0.25 ml.) at 70—-80° for two hours with phenylhydrazine (0.2 ml.) 
and a few crystals of sodium hydrogen sulphite. On cooling, the reaction 
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mixture was poured into water and the precipitate isolated by centrifugation. 
Recrystallization from 25% aqueous acetone yielded 4-O-methyl-p-gluco- 
sazone as yellow needles, m.p. and mixed m.p. 158—159°C. (5). 
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THE MASS ASSIGNMENT OF THE CHAIN 2 MIN. Sb — 77.7 HR. Te — 2.25 HR. I 
By W. H. FLEMING AND H. G. THODE 


The 77-hr. tellurium activity and its daughter 2.4-hr. iodine were first 
observed in fission by Abelson (1). He also showed that the 77-hr. activity 
grew in from a precursor of about five minutes’ half-life, which might be 
antimony or some earlier member of the decay chain, and that the daughter 
of the iodine activity was either stable or had a half-life greater than several 
months. Katcoff et al. (3) showed that the 77-hr. tellurium had a mass of 132 
or less from fission fragment range studies. Since definite assignments had been 
made for all 6-active tellurium isotopes lighter than 132, the 77-hr. activity 
and its iodine daughter were assigned to the 132 mass chain. More recently 
Pappas and Coryell (4, 5) have given a value of 77.7 hr. for the half-life of 


Te! and assigned a 2.0-min. antimony activity to Sb'® on the basis of | 


energetic considerations. Emery and Veall (2) have carried out a careful 
determination of the half-life of I'*? and report 2.250+.003 hr. 

During the course of a determination of the fission yields of Xe'** at this 
laboratory, fission product xenon was extracted from neutron irradiated 
uranium and plutonium before all of the 77.7-hr. tellurium activity had 
decayed. By a comparison of the relative abundances of Xe!*? and Xe!* 
in these samples with that observed when the irradiated material is allowed 
to stand for a time long compared to 77.7 hr., the effective half-life of the 
precursors of Xe'*? can be determined assuming that there are no long- 
lived members in the 134 mass chain. 
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If there is only one member in the 132 mass chain with a half-life comparable 
to the time of irradiation and cooling, the number of atoms of Xe!*? present 
at the time of extraction is given by 


— or ery a 
[1] Or”), os ee 
where R is the production rate of the 132 mass chain 
T is the time of irradiation 
t, is the cooling time 
d is the disintegration constant of the long-lived chain member. 


If the sample is allowed to cool for a time sufficiently long for all the precursors 
to decay, then 


[2] (Xe'’)., = RT. 


Thus from the mass spectrometer ratios of Xe!*? to Xe!*4 measured for samples 
extracted after short and long cooling and from equations [1] and [2] the 
disintegration constant \ can be calculated from: 


(ie fie). (Xe) a oe (l- 


(le ae _ (Xe'?) _ 
The details of the five separate irradiations used to determine } are given in 
Table I. 


1 a gone t1 














TABLE I 
Irradiation Cooling (Xel*),, Disintegration 
Sample time time (Xe) constant 
T (hr.) ty (hr.) - d (hr.—}) 
1 59.0 124.0 0.753 0.00918 
2 60.0 147.8 0.814 0.00955 
3 48.0 92.8 0.669 0.00954 
4 48.0 166.0 0.804 0.00861 
5 48.0 139.9 0.780 0.00927 
Average —_— _— — 0.00923 + .00034 





Greater accuracy could have been obtained if the extraction of. xenon 
had been carried out when less of the 77.7-hr. activity had decayed. 

The half-life corresponding to the average value of A is 75+3 hr. This 
mass spectrometric detection of a precursor of Xe!*? having a half-life of about 
75 hr. is direct confirmation of the assignment of the 77.7-hr. tellurium activity 
(and its daughter 2.25-hr. iodine) to the 132 mass chain. 
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